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Lead-Acid Storage Batteries 


Barium Sulfate as a Positive Plate Contaminant! 


INTRODUCTION 


The most widely used laboratory tests for storage 
battery durability, or life, involve successive cycles 
of fairly complete, or ‘‘deep’’, discharges followed by 
complete recharge. The test specified by the S.A.E. 
is of this type. It is widely used both as a laboratory 
tool for studying experimental batteries and as a 
a procurement specification. In the latter case, 
batteries must yield at least a specified minimum 
number of cycles on the test to be considered accept- 
able. 

Occasionally, a battery or group of batteries that 
should easily meet the test requirements fails pre- 
maturely due to excessive positive plate shedding. 
In many instances, the active material from the 
positive plates of these failing batteries has been 
subjected to spectrographic analysis. Usually, 
barium has been found as a contaminant in these 
positive plates. Since barium sulfate as precipitated 
blanc fixe is a usual constituent of paste for negative 
plates, finding barium in the positive active material 
is evidence of contamination of the positive paste 
with negative paste at some step in plate prepara- 
tion. Since the same equipment is used alternately 
in many plants for manufacturing both positive and 
hegative plates, it is surprising that such contamina- 
tion is not more common. 

In view of the fact that there is always this danger 
of contamination, it was considered most desirable 
to define more clearly the effect of barium sulfate as 
ah impurity in positive paste, not only in deep 
cycling tests where the effect was first noted, but 
also in actual car service and in overcharge type 
tests 
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Barium sulfate in fractional percentages is regularly used in the active material of 
negative plates in lead-acid storage batteries. At times, in preparing plates, some 
negative paste is accidentally mixed into positive paste, thus contaminating the positive 
paste with traces of barium sulfate. Rapid failure due to shedding has been traced to 
this barium sulfate contamination. Systematic tests show that as little as 0.0005% 
precipitated barium sulfate in positive paste markedly increases shedding on deep 
cycling bench life tests. On the other hand, as much as 0.1% had no evident effect in 


overcharge bench tests, or in actual car service. 


EXPERIMENTAL 


Nine lots of positive plates were prepared from 
nine carefully compounded batches of positive paste. 
The only known variable in the nine batches was the 
amount of barium sulfate as precipitated blanc fixe 
that was added, and which varied from none in the 
control mix to 0.10% as a maximum. The positive 
plates used 9% antimonial lead grids 1.72 mm thick. 
They were assembled into 15 plate elements with 
stock negative plates pasted in the same type grids. 
This assembly is rated at 85 amp-hr at the 20-hr rate 
and is intentionally deficient in positive active 
material. Forty-five batteries were prepared, nine for 
each of the three bench tests and eighteen for auto- 
mobile service testing. In assembling the latter 
eighteen, positive plate groups from three different 
paste batches were assembled in each battery, i.e., 
formulas 1, 4, 7 in one battery, formulas 2, 5, 8 in 
the next, ete. By this means each positive formula 
was tested in six cars instead of only two, exposing 
it to a wider range of conditions of use. 


Life Tests Used 


S.A.E. cycling test.—This test (1) was developed 
shortly after 1930 and was later adopted as standard 
by the Society of Automotive Engineers. It is of the 
deep cycling type, subjecting the batteries to 4 
cycles/day, each cycle comprising 40 amp-hr of dis- 
charge and 50 amp-hr of recharge with the batteries 
held at 110 + S5°F. Each week a capacity test 
determines battery condition. 

Emark life test-—This test (2) was developed to 
simulate one type of automobile service—that of a 
taxi or delivery car. It is of the ‘‘shallow-cycling”’ 
type in that a discharge of 300 amp for 5 sec is given, 
followed by 6 min 30 see of recharge at 10 amp, then 
a rest of 3 min 25 sec, after which the cycle is re- 
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TABLE IL. Effect of barium sulfate in positive plates on battery performance under various conditions of {. «| | 
' : possi 
BaSO, content, % 0.0000 0.0005 0.001 0.003 0.005 0.0075 0.010 0.05 0.10 ing tl 
hI : by 1a 
Battery Initial Capacity by | 
same 
Cycle Rate Temp ; 
in th 
5 80°F, amp hr 84 84 84 86 86 87 86 86 87 In 
2 300 O°F, min 4.6 4.4 4.4 4.7 4.3 4.4 4.4 4.4 $3 hatte 
3 5 80°F, amp hr 85 85 85 87 87 89 87 88 87 hy be 
Battery Self-Discharge on 28 Day Stand at 80° F at Bt 
Pe 
Initial acid gravity 1.279 1.280 1.282 1.274 1.278 1.277 1.278 1.282 1.283 pres 
Final acid gravity 1.241 1 .237 1 .237 1.239 1.238 1.237 1.240 1.242 1.249 
decrease a 0.038 0.043 0.045 0.035 0.040 0.040 0.038 0.040 0.04) 
Life on ‘“‘Deep-Cycling”’ S.A.E. Life Test Bs 
— jnitie 
Yield eyele 32, amp hr 67 67 67 67 65 66 65 63 49 
v* "Pl 
Yield cycle 84, amp hr 67 64 64 57 56 5 50 42 95 —_ 
Yield cyele 188, amp hr 58 9 38 32 35 32 20 20 10 creas 
addi 
Estimated life, cycles 250 210 175 150 145 140 110 90 50 nifie 
% Relative life 100 S4 70 60 58 56 44 36 0 men 
% Pos. shed cycle 188 5 20 30 35 40 45 55 60 75 TI 
Life on ‘‘Shallow-Cycling’’ Emark Life Test in el 
for 
Yield cycle 860, amp hr 78 78 78 79 79 79 80 80 78 \ 
Yield eycle 6951, amp hr 41 40 40 13 42 4) 40 43 39 
Yield cycle 8468, amp hr 8 9 8 7 6 6 6 14 5 on | 
serv 
Estimated life, cycles 6960 6950 6950 7000 6975 6950 6950 7000 6900 ser 
% Pos. shed cycle 8468 Maximum estimated shedding 5%—No systematie differences ind 
Life on S.A.E. Overcharge Test that 
In Ci 
Yield after 1 week, min 8.0 8.2 8.2 7.5 8.4 , 8.3 8.5 8.1 8.0 Q) 
* v 
Yield after 3 weeks, min 3.9 3.3 3.2 $.1 > | 3.5 3.2 3.1 2.8 life 
Yield after 4 weeks, min 0.65 0.40 0.60 0.70 0.30 | 0.25 0.40 0.25 0.45 
% Pos. shed, 5 weeks Maximum estimated shedding 5%—No systematic differences 
Life in Automobile Starting and Lighting Service 
Yield after 18 months, amp hr 65 74 52 65 75 10 64 75 12 
% Pos. shed, 18 months 6 5 14 7 5 14 8 5 13 
130 (1) RELATIVE LIFE ON SAE. LIFETEST peated. During the week the batteries are held in a 
NX PERCENTAGE POSITIVE SHEDDING _ ates tatha « FO Agi » anal st. tl 
90 a ab cana wate r bath at 100 + 5°F. As in the cycling test, th 
_ "ay capacity test is imposed once a week to determine 
me Si | | | ~ battery condition. 
70 > a Overcharge test.—This test (1) is to provide data as 
uJ | of on8 . + 
2 60 bi | | atl to the life of positive grids and of separators. Since 
= Ke 4 these are major causes of failure in automobile use, 
50 : et 
Wy) S this test is a useful one. The batteries on test are 
© 40 charged continuously for 110 hr at 9 amp, then al- 
$ oe aa 
a lowed to stand for 48 hr on open circuit before re- 
30 —— . 3 , . 
pe | ceiving the weekly capacity test cycle. During th 
20 + — test, the batteries are held in a water-bath at 100 + 
i PP”. 2 7 5°F. 
ALULOMO! n e service est. ecause oO le great 
(2) {utomobil test— B f the great 


























variation in the conditions of use, many thousands 0! 
batteries must be tested for definitive results. Except 

Fic. 1. Effect of barium sulfate content of positive plate in a limited way it is, therefore, of little use fo 
active material on battery performance on 8.A.E. life test. laboratory battery series. In the present case, mall) 
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possible auto test conditions were excluded by select- 
ng the group of 18 test cars from among those owned 
hy laboratory personnel. All were being used in the 
same kind of service and receiving similar mileage 


‘n the order of 10,000 miles/yr. 

In addition to the above life tests, one set of the 
batteries Was examined for self-discharge differences 
by being allowed to stand on open circuit for 28 days 
at g0°k 

Pertinent data have been summarized and are 
presented in Table I. 


DISCUSSION 


Barium sulfate had no detrimental effect on the 
‘nitial capacity of the batteries. In fact, there is a 
trend to slightly higher 20-hr-rate yields with in- 
creasing barium sulfate content. Unless verified by 
additional testing, this cannot be considered sig- 
nificant since the variation is within possible experi- 
mental error. 

There was no effect on self-discharge. The decrease 
in electrolyte specific gravity was of the same order 
for all cells and displays no trend. 

No trend was shown on the Emark type life test, 
on the S.A.E. overcharge test, or in actual car 
service. Differences found in the batteries after car 
service were due to operating conditions of the car 
and not to formulation. The significant finding was 
that all batteries were still operative after 18 months 
In Cars. 

Quite a different story developed from the S.A.E. 
life test. The significant data are plotted in Fig. 1. 
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The life in cycles is an inverse function and the 
positive plate shedding a regular function of the 
logarithm of the percentage of barium sulfate in the 
positive plate active material. 

From the above findings, the following conclusions 
may be drawn: 

1. Barium sulfate contamination up to 0.1% of 
positive plate active material does not detract from 
the performance of batteries on noncycling tests or 
in average automobile use. 

2. Barium sulfate contamination of positive plate 
active material is seriously detrimental to the life of 
batteries tested by a ‘‘deep-cycling” procedure and 
may be expected to be equally detrimental to the 
life of batteries used in ‘‘deep-cycling”’ service such 
as in battery propelled vehicles. 

The only explanation for this harmful effect of 
barium sulfate is based on the theory that on “‘deep- 
cycling’ the barium sulfate crystallites serve as 
nuclei for large lead sulfate crystals. Large lead 
sulfate crystals could then disrupt the bonding 
structure of the positive plate causing disintegration 
and shedding of active material. 


Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1955 issue of the 
JOURNAL. 
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The Role of Inverse Segregation and Redistribution of Solu, 
Atoms in the Freezing of Hypoeutectic Lead-Antimony Alloy, 


A. C. Simon AND E. L. Jones 


Naval Research Laboratory, Washington, D.C. 
ABSTRACT 


Inverse segregation has been found to occur in the lead-antimony alloys of the range 
of concentration used for battery grids. Because of the possible harmful effects of such 
large concentrations of antimony at the surface of the battery grid a study has been 
made as to the cause of this phenomenon. The extent of the antimony dispersion in the 
surface laver has been found to be larger than can be explained by any one of the exist 
ing theories of inverse segregation. The effect appears to be caused by an interden 
dritic flow of still molten alloy of near eutectic composition into the gap left between 
the semisolid crust and the mold face during the solidification contraction. The diffi 
culty of inducing the nucleation of antimony produces a condition of supersaturation 
for the 8 phase in this layer while the lead continues to crystallize out at temperatures 
below the normal eutectic. The continually increasing concentration of antimony 
added to the decrease in temperature eventually brings a limit to supersaturation, 
whether or not nucleation is promoted by the mold face. The antimony present in ex 
cess of the eutectic concentration then forms primary dendritic crystals which grow 
until the eutectic composition is again reached, at which point eutectic crystallization 
occurs. The result is a surface film of antimony far in excess of the distribution found 











within the ingot 


INTRODUCTION 


When a hypoeutectic lead-antimony alloy casting 
is examined a great deal more antimony is found in 
the surface layer than would be expected from the 
alloy composition. As the composition of the alloy 
approaches that of the eutectic the surface layer be- 
comes almost entirely antimony instead of the ex- 
pected eutectic. This effect is a factor of importance 
in the casting process and in the subsequent use of 
the alloy material. In the use of lead-antimony as a 
battery grid material this unequal distribution of 
antimony at and near the surface may be a factor 
in the adherence of the active material, as well as an 
influence on the rates of corrosion and growth. The 
presence of large amounts of antimony in the surface 
layer definitely influences the structure of the initial 
corrosion product that is formed and contributes to 
the deposition of antimony at the negative plate. 

The present paper deals only with the investiga- 
tion of inverse segregation itself. The effect of in- 
verse segregation on battery grid performance will 
be reported at a later date. 

The phenomenon of inverse segregation (decreased 
concentration of the solute constituent toward the 
center of the casting, with abnormally high con- 
centration at, or near, the surface) is well known and 
has been reported in many alloy systems. Excellent 
reviews (1-3) include most of the literature on this 
subject prior to 1950. These analyze the existing 

' Manuscript received June 10, 1954. This paper was 
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theories of inverse segregation in a critical manne 
and contain excellent bibliographies of prior paper 
on inverse segregation. 

Two forms of inverse segregation have been » 
ported: (a) a gradual decrease in the low melting 
point constituent toward the center of the casting 
detectable only by chemical analysis; and (b) exuda 
tions at the surface of high concentration of eutectoid 
rich in the low melting point constituent, which ma) 
or may not be accompanied by a gradual intern: 
change of composition. The inverse segregation o! 
served in the lead-antimony alloys conforms to typ 
(b), except that the surface is covered with primary 
crystals of antimony rather than an antimony-ric! 
eutectic. 

None of the theories of inverse segregation ad 
quately explain the extent of antimony segregatio! 
found at the surface of the lead-antimony allo) 
castings nor do any of them explain the primar 
crystallization of the 8 phase in the surface laye' 
Further investigation of this phenomenon thereior 
seemed advisable. 


EXPERIMENTAL PROCEDURE 


Both chill and slowly cooled castings were pre 
pared from a series of lead-antimony alloys col: 


- ™~ 4 


taining 1, 3, 5, 7, 9, 11, and 13% antimony, ' 


spectively. A microscopic examination was made 0! 


the surfaces and cross sections of the ingots. Sine 
inverse segregation appeared principally as a surlac 


exudation of the antimony-rich material there wa 


little of value obtained from cross-sectional examina 
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tion and the principal reliance was laid upon surface 
examin iON. Surfaces were examined in the as-cast 
wondition; the castings were then etched with acetic 
acid-hydrogen peroxide solution (2 ml of 30% 
superoxol to 48 ml of glacial acetic acid) and again 
nspected. This etch dissolves the lead and the lead- 
“ch solid solution but does not appreciably attack 
antimony or the 8 phase. The antimony present in 
lid solution is precipitated as a very finely divided 
black soot-like film only upon the surface of the lead 
against which larger particles of antimony stand out 
brilliantly. There is, therefore, no difficulty ex- 
yerienced in differentiating between lead and anti- 
mony in the surface layer. The black film which 
cheruren the surface of the lead-rich areas can be 
readily rubbed off, although it cannot be removed 
hy washing. Rubbing, however, distorts the surface 
structure of the soft lead matrix. Scotch tape applied 
to this surface and gently pressed (but not rubbed) 
nto contact With the surface by means of a very soft 
pencil eraser or other soft rubber pad was found to 
be very effective in removing this black deposit. If 
the etch is prolonged slightly, the thin surface layer 
of antimony is undermined and can be transferred 
intact to the Scotch tape. Thus, both sides of the 
antimony film can be examined as well as the new 
surface of the ingot revealed by the removal of the 
antimony. In one case this stripped film was sub- 
jected to x-ray analysis and identified as antimony 
as a check on other observations. Repeated etching 
and stripping in this manner revealed the structure 
to a considerable depth below the original surface. 

On another series of castings, heavily plated with 
copper, taper sectioning (4) was employed to ob- 
serve the structure of the very thin surface layer. 
Taper sectioning caused an apparent increase in the 
sectional thickness of the surface layers while the 
copper preserved the original surface contours. 

Still another series of castings were made in a 
special mold, the two opposite sides and bottom of 
which were composed of aluminum while the other 
two sides were of transite. The top was left open to 
the air. Such a mold design insured very rapid chill 
tasting at the cold aluminum faces and a progressive 
growth of the dendrites into the much more slowly 
cooled interior and provided a means of studying the 
elects of unequal freezing. All castings were ap- 
proximately 114 in. high, 1 in. wide, and '% in. thick. 


OBSERVED SURFACE STRUCTURE 


ixamination revealed that antimony appeared at 
the surface in excessive amounts under all the con- 
ditions that were investigated. The excess antimony 
that appeared on the surface increased as the anti- 
mor 


concentration in the alloy increased but to a 
er proportional extent. Thus, an alloy that had 


gre 


contained 10% antimony in the liquid state showed 
a surface after freezing that appeared to be almost 
entirely antimony. 

For equal amounts of antimony, the alloys chill 
cast very suddenly showed the least amount of 
exudation of antimony on the surface and the surface 
structure agreed with the internal structure. Alloys 
cooled very slowly (less than 1°C/min) appeared to 
show no exudations but closer inspection revealed a 
high concentration of antimony at the bottom of the 
ingot (which was also the last portion to cool). The 
dendritic structure of the ingot was clearly revealed 
elsewhere on the surface by a withdrawal of the low 
freezing constituent, but at the bottom surface and 
a short distance up the sides the surface was smooth 
as if all the low freezing constituent had drained to 
this area. Alloys that were cast in a mold with un- 
equal cooling of the mold faces gave the greatest 
evidence of exudations at the surface. Here also the 
greatest amount of exudation appeared at the more 
slowly cooled face and the surface structure was 
quite different from that found in the interior of the 
ingot. 

For the alloys of low antimony content the surface 
antimony was concentrated at interdendritic and 
grain boundaries in a continuous layer that had no 
similarity to eutectic crystallization (Fig. 1). 

As the amount of antimony in the alloy was in- 
creased the antimony-rich layer was found to cover 
the whole surface. This film, apparently continuous 





Fic. 1. Appearance of the vertical surface of chill cast 
lead-antimony ingot containing 2% antimony after an etch 
with acetic acid-hydrogen peroxide solution. Inverse 


segregation is indicated by excessive antimony (lightest 
areas) at interdendritic and intergranular extrusions. 300X. 

















Fic. 2. Appearance at vertical surface of chill cast lead 


antimony ingot after etch with acetic acid-hydrogen per 
oxide solution. Antimony (light areas) covers almost the 
entire surface and shows primary crystallization although 
representing only 5% of the total alloy 500 





before etching, was found after etching to present a 








dendritic structure in which the antimony appeared 











as the primary crystallization and in amounts far in 





excess of the lead (Fig. 2). When this surface film 





was removed, a second layer was revealed which had 





the appearance of a true eutectic crystallization and 





in which the proportions of lead and antimony ap- 





peared to be normal. Beneath this second layer the 








true dendritic structure of the alloy was found. 





For castings in which unequal cooling had oc- 





curred the still molten metal from the warmer 





regions was found to have flowed into the space be- 
tween the frozen crust and the chill wall of the colder 








portion, forming a second antimony-rich film on top 
of that which had been formed by flow through the 
interdendritic channels (Fig. 3). The path of this 














flow was often plainly marked by the difference in 
crystal appearance and the fact that the frozen wave 








was actually visible, arrested by the freezing process 





before completely covering the original surface (Fig. 
t). 
Where the surface layer was thick, as in the case 











where flow had occurred from one area to another 





along the mold face, the surface was characteristically 








covered with tetrahedral crystals originating in the 





primary crystallization of antimony. Examination 





showed that while these crystals showed primary 










dendritic crystallization of antimony and a surface 
layer that was essentially antimony there appeared 





beneath the surface a layer of eutectic crystallization 
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Fic. 3. Surface area from vertical wall of unequa 
cooled lead-antimony ingot containing 2% antimor 
Original surface containing a few interdendritic and inte 
granular extrusions of antimony has been overrun | 
molten stream of antimony-rich material originating at 
mold face of lesser chill. Last formed film can be disti: 
guished by its disregard for grain boundaries and oth 
crystal structure. (Acetic acid-hydrogen peroxide etc! 
300X 





Fic. 4. Surface area from unequally cooled lead-an' 


mony ingot containing 4% antimony showing crest 
secondary wave of antimony-rich alloy (left) frozen i 
process of covering the original surface film (right) of an' 
mony-rich alloy. (Unetched specimen.) 150X 














Fig. 5. Surface appearance of chill cast lead-antimony 
alloy with 9% antimony. (a) Before etching; (b) after etch- 
ing with acetic acid-hydrogen peroxide solution and subse- 
quent stripping of the surface film of antimony with Scotch 
tape. The subsurface layer here shown consists of an eu 
tectie mixture of lead and antimony. 150X. 


which nevertheless conformed to the general shape 
of the erystal (Fig. 5). 

Taper sectioning confirmed the observations made 
at the ingot surface. A columnar dendritic growth 
was revealed a short distance inward from the ingot 
surface, separated from the surface by a layer of 
eutectic structure, while at the surface there ap- 
peared a very thin layer of antimony. 

The appearance of the surface as viewed under the 
microscope left no doubt that the original frozen 
surface had withdrawn from the mold face through 
shrinkage of the ingot surface layer, expansion of 
the mold, or both. This space then appeared to have 
been filled by still molten material that flowed to the 
surface through interdendritic channels or flowed 
along the mold wall from regions still molten. The 
surprising feature is that the liquid metal flowing to 
the surface did not appear to have frozen instantly. 
Equally surprising is the fact that, when freezing did 
begin, primary crystallization of antimony should 
first occur, and to such an extent. 


DISCUSSION 


The type of inverse segregation that causes exuda- 
tions of a low-melting point constituent at the surface 
is common in binary tin bronzes, phosphorus-tin 
bronzes, zine-tin bronzes, leaded bronzes, leaded gun 
metals, and aluminum-copper alloys. For all of these 
alloys there are certain factors in common from which 
the following significant observations have been 
made (1, 3). 


|) Inverse segregation occurs only in alloys with 


a considerable freezing range. 
B) The exudation type of segregation is ob- 


served with alloys in which there separates a low- 
Melting point constituent during solidification. 

Inverse segregation occurs only in alloys that 
CO 


wt during solidification. 
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(D) The presence of gas absorption tends to in- 
crease the effect. 

(Z) Inverse segregation increases with increasing 
rate of solidification with the exception that very 
rapidly chilled thin sections fail to exhibit this effect. 

(Ff) Inverse segregation is favored by the forma- 
tion of coarse columnar grains. 

On the basis of these observations a comparatively 
simple explanation of inverse segregation is possible. 
Redistribution of Solute Atoms during Freezing 

At the instant a melt is poured into a mold at 
lower temperature there is formed a surface of in- 
tense supercooling and heat begins to flow from the 
interior of the liquid, through the interface, and into 
the mold. Immediately after contact is made, the 
region of supercooling or chill is confined to a very 
thin section of the melt, parallel to the chill wall, and 
the balance of the melt is essentially without a ther- 
mal gradient (5). After a brief interval a thermal 
gradient is set up that extends into the interior. When 
a thermal gradient is established, dendritic growth 
will proceed simultaneously from a great many points 
along the dendritic arms that first developed in the 
undercooled layer (Fig. 6). This secondary dendritic 
growth will extend along the thermal gradient toward 
the interior of the melt and the growth rate will de- 
pend upon the steepness of the thermal gradient. The 
steepness of the thermal gradient depends upon the 
thermal properties of the mold wall, the liquidus to 
solidus range of the alloy, conductivity of the 
solidifying metal, and the temperature level of 
solidification (6). 

This growth produces a series of parallel dendritic 
arms extending from the surface layer well into the 
interior of the ingot. The spacing of these parallel 
dendritic arms has been shown (7) to increase with 
increasing concentration of the solute atoms and 
with deceleration of growth, and also to vary in the 
same manner as the ratio of the heat of fusion to the 
thermal diffusivity. These interrelating factors indi- 
cate that each growing dendritic arm of the crystal 
is surrounded by thermal and concentration gradi- 





Fic. 6. Dendritic growth from mold wall into interior of 
melt. (a) Initial nucleation in the supercooled layer of melt 
next to the mold wall; (b) rapid dendritic growth parallel 
to mold wall to remove initial condition of supercooling in 
this laver; (¢) dendritic growth toward the interior of the 
melt following the establishment of a temperature gradient. 
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ents that extend for considerable distances into the 
surrounding melt. 

For the purpose of illustration the space occupied 
by the growing crystal may be considered as made 
up of an assemblage of cells (parallelograms) of 
practically uniform size with a growing dendritic 
arm occupying the longitudinal axis of each. Di- 
mensions of the cells (spacing of the dendritic arms) 
are determined by the concentration and thermal 
gradients set up at the time that the dendritic arms 
were embryonic. Subsequent radial growth of each 
dendritic arm is restricted to the confines of the 
original cell because of the presence of surrounding 
cells. Conditions existing at successive stages of 
growth are therefore not exactly as depicted in 
Fig. 6 because the dendritic arms would not have a 
uniform thickness throughout their length, as shown, 
but would also grow in diameter as solidification 
proceeds. 

Normally, in the case of diffusion to an expanding 
surface, the area of the diffusion field would increase 
continuously, but under the conditions outlined 
above the area of the diffusion field cannot increase. 
The concentration gradient will change continuously, 
however, affected by the concentration changes at 
the boundaries of the other cells. 

The extent of dendritic growth for any instant 
can be calculated, if it is assumed that equilibrium 
conditions exist, by reference to the equilibrium 
phase diagram and application of the lever rule. The 
calculation can also be made for nonequilibrium 
conditions, if the assumption is made that diffusion 
into the solid is negligible while diffusion throughout 
the liquid is complete (8). Conditions applying for 
equilibrium and extreme nonequilibrium can then 
be compared graphically. All actual freezing condi- 
tions will occur somewhere between these extremes. 

How this would affect dendritic growth is shown 
graphically in Fig. 7 for an alloy of 1% antimony in 
lead. The figure represents three stages in the growth 
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PERCENTAGE SOLIDIFICATION 
Fic. 7. Graphic representation of growth of parallel 
dendritic arms toward the interior of a melt under the in- 
fluence of a temperature gradient 
under equilibrium conditions; 


Solidification 
solidification under 
nonequilibrium conditions; -[ |- percentage solidified at 
given temperature 
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of two dendritic arms, parallel to a therma zradient 
as the temperature of point x varies from 320.5? ,, 
250.5°C ¥ 


(608.9° to 482.9°F). As the temp. ature of 
point x drops there will be a progressive olidifics. 
tion of the remaining liquid portion upon the dey. 
dritic arm that includes point 2x, and the litter yj 
progressively become thicker. At the same tine 


there will be a progressive increase in the antimony 
concentration of the still liquid portion surrounding 
point x. The numbers in brackets indicate the ner. 
centage solidification at the indicated temperatures 
while the unbracketed numbers represent the i 
centration of the melt at the solid-liquid interface 
The dendritic arms are assumed to have equal growth 
rates and to be surrounded by others with similg) 
conditions of growth. 

For equilibrium conditions (solid line), with , 
temperature gradient as shown, the advancing 
boundary of solidification would assume in eros 
section the form indicated by the line ABCDE, and 
the boundaries AL and ER would be in contact with 
neighboring dendritic arms. The entire solidificatio, 
of the dendritic arms would take place in the tem. 
perature interval between 320.5° and 314°C (6084 
and 597.2°F), with the composition of the melt at 
the beginning being 1% and increasing to 2% jus 
prior to final solidification. The composition of th 
solid would approach 1.0% as a limit and at the 
moment of final solidification would have a uniform 
composition of 1.0%. At 314°C (597.2°F) then 
would be no gap remaining between the dendrit 
arms. 

The boundary condition between solid and liquid 
metal for conditions of extreme nonequilibrium 
(broken line) are represented by the line LMBOP- 
DQR. Solidification in this case begins at the sam: 
temperature but extends over a much larger interva 
reaching the eutectic temperature of 252°C (485.6 
F). The melt also varies in composition along th 
interface, approaching the eutectic composition o! 
11.2% antimony just prior to final solidification 
With a considerable gap still remaining betwee 
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PERCENTAGE SOLIDIFICATION 


Fic. 8. Graphic representation of change in interde! 
dritic channels for increase in antimony concentratio! 
Solidification under equilibrium conditions; 
solidification under nonequilibrium conditions. 
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the de! tic arms even at the eutectic temperature, 
there is 2 definite possibility of interdendritic flow 
{ 

shrough the porous surface crust. 


The space remaining between solidifying dendritic 
arms al the eutectic temperature increases as the 
amount of antimony in the alloy is increased (Fig. 
x) This is true not only because of the decreased 
wlidification taking place but also because the 
spacing increases with increasing concentration of 
the solute atoms (7). The length of the dendritic 
arms as compared with their thickness is dependent 
upon the steepness of the temperature gradient so 
that in chill casting quite long dendrites are possible 
before the surface layer is completely frozen. Fig. 
7 and 8 are two-dimensional graphic representations 
of a three-dimensional effect. For any actual cross 
section the total solidification would therefore 
appear greater and the liquid layer surrounding 
each dendrite would actually appear thinner than 
represented here. 

The assumption that diffusion in the liquid layer 
is complete, used here in the calculation of non- 
equilibrium conditions and previously by others 
12), has been attacked (13) on the grounds that a 
diffusion coefficient of 1-10 em?/ day for liquid metals 
14, 15) would be entirely inadequate to insure uni- 
form composition of the melt during freezing. That 
the entire melt is not of a uniform composition is 
undoubtedly true, as witness the concentration 
gradient that exists between the tip and base of a 
growing dendritic arm. If the diffusion coefficient 
was sufficiently high, there would be diffusion 
from regions of higher concentration to lower with 
uniform solidification and elimination of dendritic 
growth. For actual dendritic growth, however, 
where the mass of liquid metal is, figuratively speak- 
ing, divided into many small cells in which diffusion 
distances are small, the assumption can be made 
without serious error that complete diffusion has 
occurred in the liquid cross section under considera- 
tion. Spacing between dendritic arms has been 
measured to be about 0.001 mm for cubic metals 
7) and a large portion of this pace is filled with 
solidified metal in the first part of the freezing 
iiterval wh -n there is but slight change in the liquid 
concentration. In the final part of the freezing inter- 
val when concentration gradients are large, the dif- 
fusion would be operating through such short dis- 
lances that the diffusion coefficient of 1 to 10 em? 
day would seem adequate. 

llowever, if the above rate of diffusion is not suf- 
ficient to produce uniform concentration in the re- 
maining molten layer, the argument is not basically 
altered. The effect of an inadequate diffusion rate 
would be to pile up an excess of solute atoms at the 
soliditving interface. This, in turn, would result in a 
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lower percentage of solidification at a given tempera- 
ture and result in a larger space between dendritic 
arms when the eutectic temperature was reached. 
The net effect would be to push nonequilibrium 
conditions to a greater extreme than discussed above 
and thus increase the possibility of interdendritic 
channels in the outer crust. 


Interdendritic Flow 


While the interdendritic flow theory now seems 
to be generally accepted, the exact reason for an 
outward flow of metal between the solidifying den- 
drites has been the subject of some dispute. It has 
been suggested (16) that, as solidification proceeds, 
dissolved gases become increasingly concentrated 
in the residual liquid until the saturation point is 
exceeded, whereupon the gas is liberated and forces 
the liquid metal along the interdendritic passages 
toward the ingot exterior. Exudation in an 11% tin 
bronze does not occur when melting is performed in 
an oxidizing atmosphere, but becomes very notice- 
able in a reducing atmosphere (17, 18). Inverse 
segregation is greatest under atmospheres of hydro- 
gen, water vapor, hydrogen sulfide, or methane (19). 
Similar results have been found for aluminum alloys 
(20). This evidence suggests that dissolved hydrogen 
causes severe segregation. 

However, gas is not the sole factor or even a neces- 
sary one as demonstrated by experiments which 
show that inverse segregation can occur in alloys 
melted in a vacuum (21-25). 

Lead reportedly dissolves less than 0.1 ml of 
hydrogen per 100 g of lead when near the melting 
point of the liquid metal (26). For oxygen a solu- 
bility of 0.2 ml per 100 g of lead has been reported 
(27), with a marked decrease in solubility for in- 
creasing additions of antimony. This volume of gas, 
while small, nevertheless constitutes better than 1 % 
of the alloy by volume so that its liberation in the 
later stages of freezing could have an appreciable 
effect. However, it has been shown (25) that inverse 
segregation occurs in lead-antimony even when 
vacuum cast. One alloying constituent has been 
experimentally substituted for another in the inter- 
dendritic channels of a semisolid metal (28) thus 
proving that interdendritic flow is possible when 
motivated by purely gravitational forces. In the 
present investigation no internal porosity was found. 
Such porosity would be expected if gas was the 
motivator of interdendritic flow to the surface. The 
behavior of very slowly cooled ingots in which the 
low melting constituent withdrew from between the 
primary lead dendrites at the side surfaces and 
concentrated at the bottom surface of the ingot 
indicated an interdendritic flow caused by hydro- 
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static pressure of the still molten metal and the 
simple effort of a liquid to seek the lowest level. 

In the case of steels cast in chill molds an air gap 
has been found to form between the mold wall and 
the frozen crust of the alloy (5). Microscopic ex- 
amination of the surface of the lead-antimony alloys 
indicates that a gap is formed in this case also. 
Whether the gap was formed due to shrinkage of the 
original dendritic crust or expansion of the mold 
was not determined. Both factors probably occur 
to some extent and reinforce each other. Existence 
of an actual air gap such as occurs in steel appears 
to be unlikely. Instead the gap is probably filled 
continuously as it is produced by an inflow of molten 
metal. Whether or not the supercooled conditions 
survive long enough to cause complete filling will 
depend upon the conditions at the mold surface. 

From the foregoing discussion it may be seen that 
no special force is necessary to cause interdendritic 
flow of metal after a gap is formed. The melt re- 
maining between the solidifying dendrites will be 
near the eutectic composition. As this metal is 
forced into the gap by the hydrostatic pressure of 
the liquid interior, that portion of the liquid moving 
toward the surface from more remote regions will be 
brought to the eutectic composition. The metal 
flowing to fill the gap would therefore be expected 
to have essentially eutectic composition, whatever 
the composition of the original hypoeutectic melt. 


Primary Crystallization of Antimony 


Presence of a surface layer of antimony-rich 
phase in which lead appears as only a minor con- 
stituent is surprising. From the foregoing discussion 
a eutectic composition would be expected at the 
surface, but the interdendritic flow theory is in- 
adequate to explain a structure in which antimony 
is plainly far in excess of the eutectic amount. In 
addition, antimony shows unmistakable evidence of 
primary dendritic crystallization and has the same 
crystal structure as it exhibits in the hypereutectic 
alloys where primary crystallization of antimony is 
to be expected. 

Primary crystallization of antimony could occur 
in either of two possible ways. Either primary 
crystallization of antimony has occurred at the mold 
surface at the moment of initial chill or antimony 
has formed primary crystals from the eutectoid 
solution that flows into the air gap subsequent to 
the initial freezing at the mold face. 

Primary crystallization of antimony at the sur- 
face in the initial chill could only occur by some 
process of phase inversion whereby the antimony 
crystals were momentarily precipitated before the 
expected and usual crystallization of lead crystals. 
Such a condition might be brought about by the 
extreme condition of chill and resultant super- 
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cooling produced at the moment of first contac Fr 
molten metal with mold surface. This wo 
a change in the liquid prior to solidification Theories 
of this type have been advanced and were 


id imply 


COnsid. 
ered as a possible cause of the primary a omg 
tion of antimony. 

Re-examination of Smith’s theory of mobi, 
equilibrium (29), Benedick’s theory of the Ludwig. 
Soret effect (30), Hanson’s (31) and Johnson’ 
(32) theory of undercooling, and Ubblohde’s (33 
theory of minimum volume change do not suggest 
any mechanism that would so completely jnyery 
the normal order of precipitation as to allow primar 
crystallization of antimony prior to the solidifies. 
tion of the a phase crystals. In addition, the above 
theories have been more or less discredited eithe; 
because of lack of favorable evidence or actya| 
conflict with observed phenomena. Recent demop- 
strations (34-36) that metals can undergo extensive 
supercooling in the absence of nucleating agents. 
however, suggest a possible mechanism of phas 
inversion. If the molten metal were to be heated to 4 
temperature sufficient to destroy all nuclei for lead 
nucleation but insufficient to destroy those effective 
for antimony, then the liquidus curve for the hy- 
pereutectic alloys could conceivably be extended 
into the hypoeutectic region, provided the lead 
remained supercooled and did not precipitate. 
Primary crystallization of antimony could the 
occur in regions where lead would normally be ex 
pected to appear. 

Careful investigation, however, leads to the con 
clusion that antimony crystals were formed sub- 
sequent to the formation of the metal crust of pn- 
mary lead crystallization and not at the instant 
that the molten metal first contacted the mold face 
This conclusion is based upon the following con- 
siderations. 

(A) In alloys of low antimony concentration, 
primary crystals of antimony (surface film) did not 
completely cover the surface but were concentrated 
at grain boundaries and interdendritic boundaries. 
If initial precipitation of antimony (inverse chill 
occurred at the mold face, the distribution of the 
primary crystals would be expected to be random. 
Concentration at grain and dendritic boundaries 
indicates prior formation of a primary lead dendrity 
structure. 

(B) The greater the differential between mold 
temperature and alloy freezing point the less the 
amount of antimony film present at the surface 
Extremely rapid chill produced practically 0° 
exudations in alloys with low concentration of al- 
timony. This is the opposite effect to that expected 
from an initial freezing of antimony due to surface 


chill. 


(C’) In the ingots that were adjusted for conditions 
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ial cooling, the greatest exudation of an- 
timony and the appearance of well-formed tetra- 
hedral rystals of antimony occurred at the face of 
chill which is likewise contrary to a concept 


of une 


jesser 
of suriace chill. 

(D) In very slowly cooled ingots, exudations oc- 
oyrred as a result of drainage, and primary antimony 
orystals were present only at the bottom of the mold 
which was also the last surface to cool (mold heated 
from below). In such slowly cooled ingots (mold 
and melt both originally above the freezing point 
of the melt) surface chill should be absent and the 
presence of primary crystallization of antimony 
at the warmest point of the mold suggests the al- 
ternate mechanism. 

(EF) In those cases where visible flow of metal 
could be traced across the original surface, the 
number, size, and perfection of the antimony crystals 
was greater on the secondary surface than on the 
primary. 

F) If primary crystallization of antimony is due 
to supercooling of lead at the initial chill surface, 
then the presence of nuclei for the crystallization of 
lead should prevent this supercooling and lead 
should precipitate first, in the normal manner. The 
ability of solid metal or metal powder to promote 
homogeneous nucleation of its own melt has been 
demonstrated (37). Castings made in a lead mold, 
however, continued to show primary crystallization 
of antimony at the surface. 

(7) It has been demonstrated (36) that the more 
complex type of crystal structures show a greater 
tendency to supercool and that antimony shows a 
greater tendency to supercool than lead. Consider- 
ing also that at the moment of initial chill large 
masses of metal are involved, it does not seem likely 
that lead could be supercooled to any such extent 
that antimony would first precipitate. More logi- 
cally, antimony could be expected to supercool in 
the solution of eutectic composition that is extruded 
at the surface. In such a solution most of the hetero- 
geneous nucleating agents would have been filtered 
out by passage through the narrow channel between 
solidifying dendrites. The mass of metal would also 
be separated into small droplets, a necessary condi- 
tion for extreme supercooling (36). Due to a dif- 
ference in erystal structure and lattice spacing the 
lead could not act as a nucleating agent for the an- 
timony (37). Primary crystallization of lead could 
continue upon existing lead surfaces until the an- 
timony became sufficiently supercooled to precipitate 
or until the molten solution was brought into con- 
tact with the mold face where nucleating agents 
might be present. 

The primary crystallization of antimony is there- 
fore considered to take place as a consequence of 
interdendritie flow of a melt of practically eutectic 
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Fic. 9. A portion of the field of view to the left of the 
center of Fig. 4, considerably magnified. The tetrahedral 
shape of the individual crystals and the nature of the 


dendritic structure indicate oriented primary growth of 
antimony in the surface layer. 300X. 


composition into the gap left by the cooling of the 
metal. Lack of nucleating agents produces super- 
cooling of the antimony while the lead continues 
to precipitate with consequent enrichment of the 
remaining metal in antimony. The primary dendritic 
crystallization of antimony apparently occurs at 
the colder mold surface, and dendritic arms extend 
through the still liquid melt filling the gap to the 
original metal crust. The observed appearance of 
small tetrahedra in the new surface with the den- 
dritic arms extending along the tetrahedra edges in 
the [100] directions (Fig. 9) agrees with the report that 
surface crystals of castings of rhombohedral metals 
usually have a preferred orientation with the [111] 
direction normal to the cold surface (38). Solidifica- 
tion of the antimony in the layer brings the re- 
maining melt to the eutectic composition and 
eutectic crystallization occurs within the primary 
antimony dendritic structure. Continued solidifica- 
tion of the liquid eutectic causes a volume decrease 
and the metal recedes from the mold face and the 
sides of the tetrahedra so that they become exposed 
in relief at the surface. 


SUMMARY AND CONCLUSIONS 


Inspection of commercially cast lead-antimony 
battery grids revealed the same phenomenon of ex- 
cessive antimony at the surface as was found in all 
laboratory experiments. Laboratory experiments 
show that the excess amount of antimony in the sur- 
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face layer increases with increasing antimony con- 
tent of the alloy and decreases with increasing chill. 
The observation that exudations decrease with in- 
creasing chill does not appear to check with previous 
reports. However, the terms slow chill and fast chill 
are relative. Castings referred to herein were made 
in small molds, of which at least two sides were 
aluminum, while some of the previous work is based 
on very large ingots cast in sand molds. Exudations 
observed on the very slowly cooled ingots (in metal 
molds) although highly localized in one portion of 
the casting probably represented as great a degree of 
segregation as did the more uniformly distributed 
(and much more noticeable) exudations of the more 
rapidly cooled specimens. Unequal cooling at various 
mold faces appeared to be as important a factor 
on inverse segregation behavior as was rate of chill. 

Whether considered to be beneficial or harmful, 
inverse segregation in the lead-antimony alloys is a 
factor of importance. For some applications, inverse 
segregation may have advantages. Improved bright- 
ness and tarnish resistance result from the presence 
of a surface layer of antimony, and the effect of the 
phenomenon is to seal off and prevent any surface 
appearance of shrinkage cavities (except on the last 
surface to cool, which acts as a feeder). Whether 
such a layer would contribute to the physical proper- 
ties of the alloy is problematical. The antimony 
layer is very thin and would not be expected to con- 
tribute materially to hardness or wear resistance, 
but the layer of eutectic material beneath it may 
reach a considerable thickness. Interdendritic flow 
of still molten alloy into the cavity left by shrinkage 
of the original frozen crust makes possible close cast- 
ing tolerances and undoubtedly is in part responsible 
for the onetime belief that lead-antimony alloys 
expanded during freezing. 

Inverse segregation may prove detrimental in 
applications involving corrosion resistance, such 
as storage battery grids. Preferential leaching out of 
antimony from the surface of lead-antimony alloys 
when subjected to anodic corrosion in sulfuric acid 
has been previously reported (39). Such action will 
have a twofold effect: (A) the surface antimony and 
eutectic structure extend from the surface into the 
interior of the 


~ 


‘asting along the interdendritic 
channels so that a penetrating type of corrosion 
may occur; (B) if the battery paste is applied to the 
as-cast surface, subsequent forming will remove the 
thin antimony layer and the exposed antimony in 
the surface eutectic so that poor electrical conduc- 
tance and poor adherence of the active material 
would seem likely. Since the resulting surface will 
be much rougher, however, the active material 
may tend to adhere more firmly. Which effect pre- 
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dominates remains to be determined f; 


fe : : in future 17. C 
investigation. 18, F 
The effect of inverse segregation on cast 19. W 


ig should 


also be pointed out. As already stated, formatioy of 


a second surface film tends to cover over any defers, 
in the original frozen surface so that sound. pore. 1 W 
free castings of close dimensional tolerance are pos 


sible when the temperatures at the various mol ». M 
faces are properly regulated and a prope: feeding - : 
head of molten metal is provided. If all mold fgee - : 
are equally chilled, however, then internal porosity D 
should result. . 

The phenomenon of inverse segregation appears a. ¥ 
to be intimately associated with dendritic growth) - ; 


Factors that tend to prevent dendritic growth 
should also tend to eliminate inverse segregatioy 
While there is a possibility that supercooling of thy 
eutectic and primary crystallization of the antimony 
could be prevented by the use of proper nucleating 
agents incorporated in the mold facing (37) or 
the melt, there would still be a layer of eutecti 
structure and composition formed at the surface 

In some cases where excess antimony at the su 
face may be detrimental, as possibly for batter 
grids, the simplest solution would appear to be th 
removal of the surface film by chemical or electro 
chemical means before subsequent operations ar 
undertaken. 


Any discussion of this paper will appear in a Discussio 
Section to be published in the June 1955 issue of th 
JOURNAL. 
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Electroluminescence with Nonsinusoidal Fields’ 


Sot NUDELMAN? AND FRANK MAartoss! 


U.S. Naval Ordnance Laboratory, White Oak, Maryland 


ABSTRACT 


Electric fields in the form of square or rectangular waves, saw-tooth waves, and ex- 
ponential waves were applied to an electroluminescent phosphor. The light output 
contained green and blue luminescence bands, which were examined separately by 
means of filters, a photomultiplier, and an oscilloscope. Square wave fields produce 
luminescence peaks whenever the field is changing, followed by a decline in lumines 
cence when the field is steady. Peak heights increase proportionally to about the fourth 
power of the field strength. They decrease with increasing frequency for the green 


band, while for the blue band they 


first 


increase up to about 2000 eps and 


then decrease. The decay obeys power laws with different exponents before and after a 
critical time of about 0.7 msec. A rectangular field pulse of greater duration than the 
critical time produces, in the green band, peaks of equal total intensity at the field re- 
versals; in the blue band, the same excitation produces peaks with equal changes in 
intensity. Other field shapes produce peaks of luminescence whose heights and shapes 
depend on field shape and duration of the steady field before it is changed. Additional 
peaks in the green band appear whenever the field begins to decrease. 


Observations are interpreted by using the following assumptions: excitation is due 


to collision processes of accelerated electrons; green luminescence involves transitions 
to the conduction band and to traps; blue luminescence is caused by transitions with- 
in a luminescence center; the effective field changes in time because of the develop- 
ment of polarization charges. Additional peaks in the green band are due to recombina- 
tion processes of the polarization charges. 


INTRODUCTION 


In general, experiments on electroluminescent 
phosphors have been conducted with d-c or sinusoi- 
dally varying electric fields. These investigations have 
already offered valuable information and have led 
to conjectures on the mechanisms involved in electro- 
(1). Additional information on the 
fundamental processes can be expected from applica- 


luminescence 


tion of nonsinusoidal field changes, particularly in 
the form of square waves, since in these cases all 
effects related to duration of the field show up more 
clearly, and the influence of the field as such can be 
better separated from the influence of the manner 
of its application. Here, therefore, fields have been 
applied in the form of square pulses, saw-tooth 
waves, rectangular pulses variable in width and 
repetition rate, and exponential waves to an electro- 
luminescent ZnS:Cu, Pb-phosphor.’ It was necessary 
to make the observations separately for the green 
and the blue luminescence bands (2) of this phos- 


' Manuscript received March 8, 1954. This paper was 
presented at the meetings of the Swiss and German Physical 
Societies in Lugano, Switzerland, September 5, 1953, and 
Innsbruck, Austria, September 20, 1953, respectively; and 
at the Chicago Meeting of The Electrochemical Society 
May 2 to 6, 1954. 

? Also at the University of Maryland, College Park, 
Maryland. 

‘Sylvania Electric Products Inc., Bayside, N. Y. 
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phor since characteristic differences in the electro- 
luminescence properties of these two regions wer 
found. 

Quantitative measurements with respect to field 
dependence, frequency dependence, and decay laws 
were made on the patterns 
[brightness waves (3)| obtained by using square 
wave electric fields. For other field shapes only 


electroluminescence 


qualitative observations are reported. 

Work related to this has recently been published 
on the influence of step functions on the time-aver 
age light output (4), on oscillograms obtained with 
trapezoidal waves (5) and other field shapes (6). 

Although a complete and quantitative interpreta- 
tion of every experimental detail is as yet impossible, 
sufficient information seems to be available to jus- 
tify a discussion of some mechanisms contributing 
to electroluminescence in the light of the present 
observations. Other workers have suggested basic 
mechanisms that are relevant to some of the results 
of this study (1-3, 7-11). These proposals, either in 
their original or in a modified form, are incorporated 
with those given here in order to obtain an il- 
tegrated picture. 


EQUIPMENT AND PROCEDURE 


The fields were produced by using generators 
giving a variety of signal wave shapes. The genera- 
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tors for square waves and saw-tooth waves were 
variabic from 10 to 10,000 eps, while a pulse genera- 
tor variable in pulse width and repetition rate had a 
range of 100-1000 cps. A direct coupled amplifier 
with a rise time under load of less than 10 usec 
supplied an output peak to peak voltage of 0-320 
volts. Exponential wave shapes were obtained by 
feeding & square Wave into a square wave amplifier 
with a large RC time constant in its output circuit. 
This unit had a rise time under load of 250 usec, 
which could be increased still more by appropriate 
condensers. It supplied a continuously variable 
peak to peak voltage of 0-4000 volts. 

Light output from the phosphor was observed by 
4 1P21 photomultiplier tube followed by a direct 
coupled oscilloscope. In general, data were obtained 
by taking pictures of the signal trace on the oscil- 
loscope, then reading these films with an optical 
comparator. 

The electroluminescent phosphor investigated 
was in the form of a cell containing a ZnS:Cu, Pb- 
phosphor* exhibiting predominantly green light at 
excitation (12). Different samples of these green 
cells gave essentially equal results. In order to sepa- 
rate observations for the blue and the green lumi- 
nescence band of this phosphor, a Wratten filter 
No. 21, which transmits wave lengths above 5300 
\, or No. 36, which transmits between 3700 and 
1600 A, was used. 


EXPERIMENTAL RESULTS 


Square waves.—When a square pulse of about 
\) usec rise time is applied to the electroluminescent 
phosphor, the light output exhibits sharply rising 
peaks at the time of every field change. The peaks 
are followed by decreasing light output or ‘“‘decay”’, 
which generally does not have time to reach zero 
light output before the appearance of the next peak. 
The resultant luminescence pattern contains, there- 
lore, a varying component or “ripple’’ superimposed 
on a steady background. All measurements of 
luminescence intensity, as peak heights or decay 
curves, are taken from the level of zero light output 
‘“reference level’), which corresponds to the oscil- 
loscope trace obtained without field. 

For the same potential! difference, the luminescence 
pattern is generally the same, whether the field is 
reversed in direction or simply applied and then re- 
moved. 

Fig. | is a reproduction of an oscillogram made 
with three exposures for different field strengths. 
Besides illustrating the general peak pattern ob- 
tained with square wave fields, this figure also shows 
that with increasing field it takes less time for the 
luminescence to reach the maximum of the peak. 

Dependence of height of luminescence peaks on 


the repetition rate of square pulses is shown in Fig. 
2. As the frequency increases, green peaks decrease 
in height, while blue peaks increase to a maximum 
value, then decrease. Experiments with manually 
switched D. C. indicate, however, that green peaks 
also decrease at extremely low frequencies, i.e., 
below about 2 cps. Voltage at the cell was maintained 
constant for these measurements. 

The frequency dependence of the peak heights 
can be described empirically by a formula like 


I, =A + Blogf 


over the frequency range 10—10,009 eps for the green 
peaks, and up to about 2000 cps for the blue peaks. 
I, is peak height, f, frequency; A and B are con- 
stants. 

Dependence of the steady background on repeti- 
tion rate is also shown in Fig. 2. These curves appear 
to have some of the characteristics of the curves 
shown by Waymouth (2), obtained for the time- 
average light output with sinusoidal fields. There, 
too, the green electroluminescence increases with 
frequency from zero to a steady maximum value in 
the vicinity of 1000 cps, while the blue intensity is 
still growing in a nearly linear manner at about 2000 
cps; but, in addition, a decrease is found in the mag- 
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Fig. 1. Triply exposed oscillogram for blue electro- 
luminescence, square wave fields, 90 cps, 250 usec rise time. 
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Fic. 2. Peak and steady background heights vs. repeti 
tion rate. Curves for green luminescence not drawn to same 
scale as for blue luminescence. Ordinates are measured from 
the reference ordinate for zero light output. 


nitude of the steady background for both blue and 
green luminescence at sufficiently high frequencies. 
The analogy to Waymouth’s results is understand- 
able since the time-average light output is deter- 
mined, to an appreciable extent, by the steady back- 
ground. 

Dependence of the height of the luminescence 
peaks on the field strength is shown in Fig. 3. Green 
and blue peaks grow with increasing field strength, 
although the green peaks do so at a more rapid rate. 
The curves of Fig. 3 may be described by power laws 
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of the curves for the blue peaks. The y; 
obtained are 4.3 and 3.8 for the green and 

heights, respectively. It is also possible to 
the curves by a law of the form J, = ak? ex) 


les of » 
Ue peak 


opresent 


—/) k 

as is found also by Destriau (3), with the . Ceptioy 
. . . i 

that at frequencies higher than about 100 ¢) experi. 
mental curves of the blue luminescence depart from 


this relationship. 

Fig. 4 shows decay curves in semi-log 0; log-log 
representation. Since the longest linear region ap. 
pears in the log-log representation, it is preferah\ 
to describe the electroluminescent decay by power 
laws of the form / At. Furthermore. thy 
early “linear” region of the semi-log plots is stjjj 
more complex when observed with an enlarged tiny 
scale. 

‘Natural decay” was obtained after exposing th 
phosphor to weak radiation from an Argon lamp 
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Fic. 4. Decay curves, 10 eps, 250u see rise time. (A 
Green luminescence, semi-log; (B) blue luminescence, #e™! 
log; (C) blue luminescence, log-log. 
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The » ural deeay curve for the blue luminescence 
o be strictly exponential, while that for the 


appea 
nd is more complex. The blue natural decay 


greell 
: muc: faster than decay of the blue electrolumin- 
oscence, While the natural decay curve for the green 
hand declines at a slower rate than the corresponding 
olectroluminescence decay. 

Slopes of the decay curves vary somewhat with the 
field. This is particularly noticeable in Fig. 4e¢ for 
the late decay of the blue band. However, for higher 
frequencies and for decay curves of the green lumi- 
nescence in general, there is much less change, if 
any, of the slopes. There is also a variation of the 
slopes with frequency for constant field strength, 
particularly for the late decay of the blue lumines- 
venee where, for example, values of m vary from 
about 0.72 at 10 eps to 0.95 at 90 eps (at about S00 
volts) (13). If the rise time of the field was changed, 
there was again a distinct change of m. Similar re- 
marks would apply to the constants of an exponen- 
tial decay law. 

Rectangular pulses.—When fields of rectangular 
pulses like those indicated in Fig. 5 are applied to 
the phosphor, with different times ¢; and fs, observa- 
tions reveal a marked qualitative difference bet ween 
the green and the blue luminescence. 

rhe significant features are: if ¢; is larger than 
ibout 0.7 msec, the blue electroluminescence peak 
increments, Py and P» in Fig. 5, are about equal, 
vhile for the green luminescence the heights Hy, 
ind H,» are of about the same magnitude. If 4 is 
decreased to less than about 0.7 msec, the inere- 
ment P» of the blue peaks becomes smaller. This 
critical time is of the same order of magnitude as the 
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transition time observed between the two linear 
decay regions in Fig. 4c. 

Also, H, of the green luminescence begins to 
change its value if t; becomes smaller than the critical 
time. The complex quantitative details of the elec- 
troluminescence observed at small pulse time are 
the subject of a separate investigation and are not 
relevant to the discussions of this paper. 

The patterns illustrated in Fig. 5 were produced 
by electric fields of 10 ysec rise time. Fields with 
longer rise times give similar results although they 
are not as well defined. 

Exponential and saw-tooth fields.—Fig. 6, 7, and 8 
are examples of oscillograms taken with a dual 
beam d-c oscilloscope showing a variety of electric 
field wave shapes and corresponding electrolumi- 
nescent patterns. These oscillograms have peaks 
labeled by different letters. General observations 
pertaining to these peaks are as follows. 

The A and B peaks begin to grow whenever the 
applied field starts to grow from zero. The A peaks, 
observed at sudden field reversals, have the same 
appearance as peaks for square wave fields. D peaks 
are essentially identical with A peaks, except that 
they occur on sudden field removals. 

The C and C’ peaks appear when the applied field 
starts to change from some steady value. They exist 
in the green band only and are observable only on 
relatively slow field changes since, for rapid field 
changes, A peaks would hide the C peaks. C peaks 





C. d. 





Fig. 6. Exponential fields, 500 eps, reversed and uni 
directionally pulsed. (In the oscillograms in Fig. 6, 7, and 
8, pictures a and ¢ refer to green luminescence; b and d to 
blue luminescence. In each picture, the upper curve shows 
the ripple pattern; the lower curves, the corresponding 
applied fields.) 
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Fic. 7. Saw-tooth fields. (a) 100 eps; (b) 250 eps; (ec) 
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modified saw-tooth, rise time, 2.8 msec: (d) rise time, 2 
msec 


occur when the field starts to decrease, while C’ peaks 
appear when the field starts to rise in the case of uni- 
directional pulsing. 

C and C’ peaks decay rapidly compared with the 
corresponding B peaks. The C’ peaks become smaller 
relative to the B peaks at lower frequencies. If the 
field strength is raised, the B peaks grow faster than 
the C' peaks, indicating that B peaks are sensitive 
to the rate of growth of the applied field while ( 
peaks are not. 

Zalm and coworkers (5, 6) also report the appear- 
ance of C-like peaks under similar circumstances. 

Intensity of the peaks seems to depend on the 
rate of growth of the field and on the time of steady 
field before or after field reversals (A’ and B’ peaks). 

At very high frequencies (higher than the recipro- 
cal of the critical time) still more complicated details 
appear, in particular a general decrease of the height 
of succeeding peaks in the green band as long as 
field reversals are going on (Fig. 8). This is much 
more conspicuous at still higher frequencies. 

Finally, it should be pointed out that the patterns 
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Fic. 8. Interrupted saw-tooth fields. (a) 1000 eps; (b) 
1100 eps 
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obtained for square pulses may be consi clered a. 
simplifications of those described here lasmuch 
as only A-type peaks would be present. 

Extinguishing effect.—If the cell is first exposed 4, 
near ultraviolet radiation and then, in adiitioy . 
placed under the influence of an electric {iclq that 
is too weak to produce electroluminescerce. the 
luminescence excited by ultraviolet radiation ; 
diminished (14). The behavior resembles that 9), 
served for a long decay nonelectroluminescent Zps. 
Cu-phosphor (15). This extinguishing effect seems 
to exist only in the green band. It appears with 
fields produced by potential differences as low as 9 
volts. 


8 


INTERPRETATION 


Basic assumptions.—A satisfactory basis for 4) 
interpretation must include, even if only in genera! 
terms, a description of the excitation mechanism 
the luminescence processes for green and _ bly 
emission bands, and the properties of the effective 
internal field as distinguished from the applied ey. 
ternal field. 

Although there is no general agreement on a defi- 
nice solution of the problem of the excitation mecha. 
nism, it is reasonable to assume some collision process 
between electrons accelerated by the field and lumi 
nescence centers. The details of such collision excita 
tion are irrelevant as far as these considerations are 
concerned. The picture proposed by Curie (7) and 
Piper and Williams (11) (field excitation of donors, 
creating conduction electrons being accelerated to 
impact ionize or excite activators) may be accepted 
readily. In any case, the assumption of collision 
processes certainly implies that excitation must de- 
pend on the field strength, the number of electrons 
available for acceleration in the conduction band, 
and the number of centers available for excitation. 

The rapid natural decay of blue luminescence 
which can be described by an exponential law (Fig 
4), suggests the assumption that the blue lumines- 
cence is probably due to excitation of electrons from 
the ground level to some excited level within th 
same center, followed by an almost immediate direct 
transition to the ground level. Decay of the phos 
phor’s green luminescence, however, is much slower 
and follows a more complicated law. The green 
luminescence, therefore, is probably due to some 
phosphorescence process with a delaying mechanism 
such as traps or metastable states and with transi- 
tions involving the conduction band. Similar assump- 
tions are made by Burns (8). Also, the strong ex 
tinguishing effect observed for green luminescence 
only is evidence that electrons excited from gree! 
centers reach the conduction band where they ca! 
be removed by the field and made ineffective )y 





Vol. J 


yonra 
case | 

It} 
with 
greel 
they 
cente 
num 
tical 
indice 
cente 
cent 
strel 
cen 


Th 
dim 
tO | 








ij 


Vol. 1! Vo. 11 


nonradiative transitions as considered in another 
case (] 

it is (urther assumed that green centers are excited 
vith high efficiency, so that the number of excitable 
rs strongly depends on the rate at which 
refilled. The efficiency of exciting blue 


green 

they are 
voters may or may not be high. In any case, the 
wumber of excitable blue centers will remain prac- 
ically unchanged because of the fast rate of refilling 
indicated by fast natural decay. The term “excitable 
vonter” shall indicate that the total number of 
centers may be much larger, but that for every field 
strength there may be a certain limit as to how many 
centers can be excited out of the total. This limit 
may be related to the energy level of the center. 

The effective field strength in a semiconducting 
particle embedded in a dielectric material between 
metal electrodes may be expected to be different from 
the field applied to the electrodes. At any one instant, 
the effective field may be different in various regions 
of the phosphor particle, since strong fields are 
probably concentrated near the surface. One should 
also expect that the effective field changes in time 
as space charges or polarization charges build up. 
Thus, the field in the interior of the particle will 
diminish because of the polarization charges drawn 
to the surface by the field. If the applied field is 
suddenly removed after the polarization charges 
have accumulated, these charges themselves should 
create a field whose strength would decrease as the 
charges flow back to a neutral distribution. There- 
fore, if the applied field is removed or reversed faster 
than the polarization charges would disperse, one 
would expect an effective field with a maximum 
value shortly after application of the field reversal 
or removal. For slower changes of the external field, 
this maximum would shift to longer times. The rates 
of change of field and accumulation and dispersal 
of space charges, therefore, determine the growth and 
decay of the internal field. 

This picture is essentially identical with ideas 
proposed by Kallmann (10) to explain photocondue- 
tivity experiments. He infers from his observations 
that at least some part of the polarization charge is 
trapped so that a quasi-persistent polarization of 
the phosphor particle is produced, which builds up 
and decays very slowly. Waymouth and Bitter (4) 
arrived at similar conclusions from electrolumines- 
cence experiments. 

If the field is only removed or diminished and not 
reversed, the polarization charges not only provide 
the effective field at the removal time, but also act 
as an additional supply of electrons released for 
recombination with holes. 

There is evidence that electroluminescence is 
restricted to small regions of the phosphor particle 
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(6, 17). The discussion applies to this sensitive 
region only. However the variation of luminescence 
in time is of more concern than its location. 

General discussion.—The basic assumptions enu- 
merated above appear sufficient to account for most 
of the observations, at least qualitatively. The 
general mechanism responsible for the production of 
peaks like those in Fig. 1 may be described as follows. 
At the time the field is suddenly applied or reversed, 
electrons in the conduction band are accelerated by 
the field and excite luminescence centers by some 
collision process. In due time, conduction electrons 
pile up near one surface, weakening the effective 
field in the interior of the particle (or its sensitive 
region) with a corresponding decrease of the phos- 
phor light output. The break in decay curves at the 
critical time of about 0.7 msec indicates two polariza- 
tion processes, a fast one and a slow one which may 
be identified with the piling up of electrons held 
either in the conduction band by the field alone or 
in traps producing the “‘persistent’’ polarization. 

At removal of the field, the polarization charges 
for some time provide the field necessary for occur- 
rence of the peaks. Similarly, at field reversals the 
effective field is, for the first moment, the sum of the 
applied field and the field of the polarization charges, 
after which the effective field decays again. 

It is easily understood that the shape of the 
luminescence peaks depends on the manner of 
growth and decay of the internal field which itself 
is determined by the wave shape of the applied 
field. Therefore, the B peaks and D peaks in Fig. 6 
to 8 are considered generally to be of the same 
origin as the A peaks, the difference in shape being 
due only to the difference in field shapes. 

Results obtained with rectangular field pulses 
(Fig. 5) furnish further information that shall be 
used to specify the model presented here in some 
respect and to test its applicability. 

Events leading to the blue curve of Fig. 5 may be 
described as follows. At some field reversal, blue 
centers are excited, but the excited electrons return 
almost immediately to their ground levels so that 
there is always a sufficient number of excitable 
centers. Decay of the blue liminescence must, there- 
fore, be considered as being due to decay of the effec- 
tive field, although the intensity may not be a direct 
measure of the field strength. If the field is reversed 
again, the situation is the same as before: a sufficient 
number of excitable centers and an effective field 
that decays from a maximum value at the time of 
reversal. Therefore, an intensity increase equal to 
that observed before is found. 

For intervals shorter than the critical time, 
polarization charges apparently do not have sufficient 
time to accumulate so that the effective field con- 











552 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


tributed by these charges at the time of reversal 
is smaller than it would have been for longer time 
intervals, with a corresponding decrease of the 
light output so that P. decreases as it is observed. 

The typical green curve of Fig. 5 can also be under- 
stood on the basis of these general assumptions. The 
centers excited at some field reversal are refilled 
relatively slowly since the green luminescence in- 
volves trapping. A subsequent field reversal, there- 
fore, does not find the same number of excitable 
centers as before, but, because one assumed the field 
excitation of green centers to be very efficient, all 
the refilled centers will be excited again. This brings 
the number of empty centers, the number of excited 
electrons, and the luminescence intensity to the 
same absolute value as at the previous field reversal. 

While the effective field lasts, i.e., within the crit- 
ical time, green decay is much faster than natural 
decay. This indicates an additional loss of electrons 
from the conduction band caused by the field. This 
may be due to the same kind of ‘‘field-induced non- 
radiative transitions’ that had to be introduced 
(16) for the interpretation of the quenching effect 
of the field on a phosphor during ultraviolet excita- 
tion, but there may be still another mechanism in- 
volved. During the short time of excitation by the 
field pulse, the traps, which are essential for the 
slow natural decay, may not fill as completely as 
in the case of the continuous ultraviolet excitation; 
but, in any case, the quenching effect, for whose ex- 
istence there is independent evidence, should be 
a contributing factor. 

The critical time, interpreted here as the time 
necessary to pile up polarization charges, is of the 
same order of magnitude as the lifetime of an elec- 
tron in the conduction band as determined by 
Curie (18). This is plausible since, on the one hand, a 
much shorter lifetime would make it impossible to 
collect a sufficient number of electrons in the cloud 
of drifting polarization charges; and since, on the 
other hand, a much longer lifetime would leave so 
many electrons in the conduction band that polar- 
ization charges could not be restricted to a relatively 
small region near the surface. In order that phe- 
nomena as described above can be observed, the 
indicated relation between lifetime and_ piling-up 
time should, therefore, be obeyed in the particular 
phosphor. 

As pointed out further above, the dependence of 
( and C’ peaks on field strength is different from 
that observed for B peaks. The mechanism for C 
and C’ peaks should, therefore, be of a different kind. 
It is assumed that recombination of excess electrons 
released whenever the external field is diminished 
after polarization charges had time to pile up is 
responsible for the appearance of C peaks. Polariza- 
tion charges flowing back during a time of ‘‘field 





Nou bey 193 


off” will be stopped suddenly when the 
plied again before they have been neutral, od Ther 
will then have an additional change of | 
which may produce the C’ peaks. At low f; 


HSITONs 


JUENClEs 
these peaks should disappear, as is obser\ ed. gino, 
the flow of the polarization charges has cease 
before renewed field application. Both ( and ; 


peaks should be absent for the blue band 


Ince the 
blue luminescence does not 


involve — transitions 
from the conduction band. 

The foregoing discussion provides an adeqyyy, 
description of the more important qualitative feg 
tures of the electroluminescence patterns. Furth: 
details are considered below. 

Details. 
in the green band is assumed to be due to the dij 
ference in numbers of excitable centers at the respe 
tive times of field reversal. For the A’ peaks there \ 
much more time for centers to be filled before th 


il 


The difference between A and A’ peaks 


field is reversed than for the A peaks. Consequent) 
A’ peaks are larger. There is no corresponding 
phenomenon for the blue peaks since the blue center 
are filled much faster. 

The pattern of Fig. 8 can be understood as being 
due to a combination of the effects previously co 
sidered, but already, without any reference to 
mechanism, one should expect a decrease of th 
heights of subsequent B peaks in the green bai 
since the green B peaks, according to experienc 
need a relatively long time to develop up to the 
maximum. This time is cut short while the hig 
frequency field reversals are going on. The height 
of the B’ peak, however, is normal again sine 
there is sufficient time available. 

The frequency dependence of the peak heights 
shown in Fig. 2 may also be understood on the basis 
of the picture developed here. Since, with increasing 
frequency, fewer electrons get back to the gre 
centers before the beginning of the next half period 
the number of electrons available for acceleratio 
at this moment increases. Therefore, peaks of th 
blue luminescence should grow initially with fr 
quency because of the increase in the number « 
accelerated electrons, but eventually the influenc 
of the decrease of the effective field at field reverse 
because of the decrease of the number of polarizatio 
charges piled up during one half period must preva! 
For the heights of the green peaks, it Is necessary t' 


take into account the fact that the number of filled 


green centers decreases with increasing frequen) 


This effect becomes unimportant only at extreme!) 


low frequencies. The fact that the frequency 


pendence follows empirically a logarithmic law ts no! 


yet understood. It may be purely fortuitous. 
Finally, the general features of the electrolu 


minescence patterns obtained with sinusoidal fields 


should also be governed by the processes ( nsid 
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red | In particular, one would expect C-like 


and Bouike peaks, which may be distorted and 
hifted cause of the different time characteristics 
of the ficlds. Indeed, the usually observed two peaks 
oor halt period may be identified with such peaks. 
The phase” peaks correspond to B peaks, the 
“out-of-phase”? peaks are equivalent to C peaks. A 
jmilar interpretation has recently been given by 
Curie (13). 

(he discussion above corroborates and supple- 
ments the general picture outlined in the previous 
vtions, although not every detail has been treated. 
rhus, general aspects of the observed electrolu- 
minescence phenomena can be understood in terms of 
4 few plausible assumptions on excitation, lumines- 
cence processes, and internal field. 
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Measuring Problems and Techniques at A-C Furnace Ares 
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KE. SCHWABE 


National Carbon Research Laboratories, Cleveland, Ohio 


ABSTRACT 


A quantitative investigation of an a-e electric furnace are is dependent upon meas- 


urement of the true are voltage. The electrical resistance of an a-c arc is a function of 
many variables including current, are length, electrode composition, furnace atmos 


phere, and temperature 


Experimental procedures specially adapted to are voltage 


measurement have been evolved and are described, together with a unique circuit which 


automatically compensates an inherent measurement error. 


INTRODUCTION 
The electric arc furnace and its power supply 
circuit form a costly tool of production and must be 
constructed with the rugged simplicity necessary 
to continuous trouble-free operation. Such construc- 
tion does not provide for the wide variation of circuit 
parameters desirable from a research viewpoint. 
In a three-phase furnace, electrophysical investiga- 
tions of the are are further complicated by the in- 
teraction of the three phases. 

To facilitate a practical small-scale approach to 
fundamental investigations of the electric furnace 
arc, a laboratory size, single-phase experimental 
are furnace was constructed. The furnace is rated 
at 100 kva and was built for operation with two 
graphite electrodes permitting a steel capacity of 
250 lb. However, to permit a more accurate control 
of arc length, the furnace has been adapted to single 
electrode operation for electrodes up to three inches 
in diameter. The electrical circuit is completed to 
the furnace shell by means of a bottom electrode. 
An independent electrode-positioning mechanism 
permits push-button control of the are length. 
Power is supplied from a 440-v a-c line through a 
100-kva power transformer tapped and regulated to 
provide a continuous variation of secondary voltage 
up to 280 v. Current limitation is accomplished with 
a number of variable and inductance 
elements, which may be connected individually or in 
combination to provide the ballast desired. Fig. 1 
is a schematic diagram of the experimental are 
furnace circuit. 


resistance 


In addition to a variety of conventional electrical 
meters, special photographic and high-speed record- 
ing equipment is used in studies of the arc. 

An extremely important parameter in an a-c 
electric arc furnace circuit is the are voltage, i.e., 


' Manuscript received March 1, 1954. This paper was 
prepared for delivery before the Chicago Meeting, May 2 
to 6, 1954. 
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the voltage drop between the electrode tip and th 
melt surface. 

Measuring the are voltage is a problem from bot) 
a technical and physical viewpoint. It is the objec. 
tive of this paper to describe problems associated 
with the measurement of are voltage, to discus 
measuring techniques together with experiments! 
results, and to propose a standard terminology for 
certain electrical quantities heretofore classified as 
are voltage. 

MEASUREMENT OF A-C Arc VOLTAGE 
Measurement 


errors may 


into two groups as follows: 


be roughly divided 
(a) external errors— introduced by the inclusion in 
the measurement of arc voltage, unwanted voltay 
drops across circuit elements adjacent to the an 
such elements include the electrode, the melt, and 
the furnace shell; 

(b) internal errors—due to the electrophysica 
characteristics of are conduction. 
An measurement 
voltage would be accomplished by connecting the 


External errors. ideal of a 
leads of a suitable measuring device to the termina 
points of the arc, the so-called anode and cathode 
spots. From a practical viewpoint such direct meas- 
urements are impossible, due to the high tempera- 
ture existing inside the furnance, particularly in th 
arc zone. Even probe measurements, normally re- 
stricted to a short time interval, 
because of the erratic travel of 


may not be applied 
anode and cathod 
spots, characteristic of an open are. Fig. 2 is a se 
quence of three photographs taken at an open ar 
and shows the successive half cycle locations of the 
are stream occurring during each film exposure © 
approximately 1/30 sec (four electrical half cycles 
based on 60-cycle supply frequency). 

In order to permit practical are voltage measure 
ments, meter connections have been established at 
the electrode clamp and on the are furnace shell 
Such include the unwanted 
voltage drops previously described. 


measurements series 
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It is well to point out that in submerged are fur- 
naces the problem of measuring the are voltage is 
further complicated by the contact between charge 
and electrode which forms parallel current paths 
shunting the are, and so increasing the current 
through the series elements. The author’s investiga- 
tions have dealt primarily with the open arc, ex- 


cluding detailed studies of the parallel resistance 


effect ° bad 





Fig. 2. Are in a melting furnace. Three consecutive 
frames of a movie taken at a speed of 16 frames/sec. 


The magnitude of the inherent series error has been 
determined for the author’s circuit by lowering the 
electrode into the melt and measuring the short- 
circuit current as well as the voltage drop across the 
included circuit elements. 

Fig. 3 is an oscillogram taken from such a test. 
One cycle of short-circuit current and the associated 
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Fic. 3. Oseillogram showing the current J and the as- 
sociated voltage drop J-r of an electrode being short cir- 
culted with the melt. 
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Fic. 4. Oscillogram of are current J and are voltage E, 
including J-r drop. 
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voltage drop are plotted vs. time on the screen of a 
cathode-ray oscilloscope. One scale division repre- 
sents 100 amp and 5 v. Peak values are 780 amp and 
12 v, respectively. 

An are is established by raising the electrode from 
the short-circuit position, this operation being 
characterized by a decrease in current from its short- 
circuit magnitude to a value governed by the are 
length and the parameters of the external circuit. 
Fig. 4 illustrates one cycle of current with the uncor- 
rected are voltage, which includes the drop previ- 
ously discussed. The voltage trace is a combination 
of a square and a sinusoidal wave. 

The error made by including the series 7-r drop 
may be eliminated through a tedious point-by-point 
subtraction based on a knowledge of the instan- 
taneous values of J and R. To overcome the necessity 
of such an operation, however, a relatively simple 
circuit arrangement has been developed which 
automatically eliminates the unwanted /-r drop 
from the recorded values of are voltage. Both the 
arc and the electrode-melt-shell combination are 
considered to be purely noninductive resistance 
elements, and each in simple series circuit with the 
arc. Therefore, if a voltage equivalent to that across 
these elements, but of opposite polarity, be impressed 
in the metering circuit, the error is automatically 
canceled at every instant. The necessary voltage 
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Fig. 5. Negative feedback circuit applied to measure 
ment of are voltage. 
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Fia. 6. Oscillograms of short circuit current and /-7 
voltage drop. Left, I-r drop cancelled; right, I-r drop 
present as shown in Fig. 3. 


drop is readily obtained from a noninductive shunt 
in series with the arc, and the reversal of polarity 
is accomplished with a transformer. Fig. 5 illustrates 
the essential features of such a negative feedback 
eireuit. 

The negative feedback circuit is very easily cali- 
brated by establishing a short circuit between elec- 
trode and melt, and adjusting the potentiometer to 
precisely compensate the inherent /-r drop. Fig. 6 
illustrates one cycle of short-circuit current and the 
compensated /-r drop. For purpose of comparison, 
the short circuit current and uncorrected /-r traces 
of Fig. 3 are also shown. 

Fig. 7 is an are voltage and current trace in which 
the /-r drop has been compensated by the negative 
feedback circuit. The uncorrected trace of Fig. 4 
has been inserted for comparison. Note that the 
sinusoidal cap on the voltage trace of Fig. 4 has 
been eliminated with the negative feedback circuit, 
and that the voltage trace of Fig. 6 now approaches 
a square wave. Other changes in the voltage and 
current wave forms of the two oscillograms are at- 
tributed to changes in the are during the time elapsed 
between the two photographs. 

It is of interest at this point to call attention to 
the fact that in Fig. 7 peak values of both voltage 
and current differ in each half cycle, the voltage 
reaching peak values of 33 and 25 v, respectively, 
with current peaks of 660 and 630 amp, respectively. 
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Fic. 7. Oseillograms of current J and are voltage. Left, 
corrected are voltage; right, uncorrected are voltage as 
shown in Fig. 4. 

2 It is conceivable that this circuit be modified to 
compensate the true impedance drop given by J-z, where 

= Vr? + z,*, in cases where the inductive component 
assumes significant proportions. 
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Fig. 8. Disturbance of the are voltage during melt doy, 
of steel. Upper half-eyeles: melt = cathode; lower ja) 
cycles: graphite-electrode = cathode. 


mor 
and 


volt 


This effect is primarily due to differences betwee 
the cathode behavior of graphite and iron, as thy 
polarity reverses with the alternating curren 
During the first half cycle when the graphite j, 
cathode, a better are conductivity is shown by th 


this 
nat 
° reac 
higher current and lower are voltage. During th 
succeeding half cycle the converse is true. en 
The are studied in Fig. 4 and 7 was struck betwee e" 


° indi 
a graphite electrode and a slag-covered melt. Pres 


. " . pro) 
ence of a slag on the surface of the melt has a smooth 


ing effect on the are voltage wave form. In thy 
case of an are between a graphite electrode and 
liquid metal in the absence of slag, the are voltage 
wave form is distorted by an erratic high-frequenc 
disturbance in the half eycle during which the melt 
is cathode. This disturbance also deforms the current 
trace. The oscillograms of Fig. 8a and b were take 
at an are struck directly to liquid steel and illus 
trate the effect of this disturbance on the are voltag 
wave forms. 

Finally, it should be mentioned that, as an a 
ternate source, the opposing voltage for the negativ 
feedback circuit may be obtained from the secondan 
circuit of a current transformer connected in th 
furnace circuit, and that a calculation of the r 
quired opposing voltage may be made if the circuit 
parameters are known. Such a calculation eliminates 
the necessity of conducting a short-circuit test. 

This negative feedback principle is readily adapt 
able to measurements of are power and resistance 
and may find application in the precise determina ii 
tion of maximum are power occurring at optimun 
current as well as in automatic electrode regulating 
systems. 

Internal errors.— Having eliminated external error 
with the negative feedback circuit, calculations 0! 
are power based on independent measurements 0 
are voltage and current are still in error by a varying 
positive quantity. Through an oscillographic analysis 
of individual half cycles of are voltage and current, 
it was concluded that conventional voltmeters 1! 


dicating either rms or average values receive 4 
positive influence from a portion of each half cycle 
of voltage which does not contribute to are powel, HR, 
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» tha re power computations based on independ- 
st li 

nt \ re and current measurements are neces- 
e 4 


sarily 11) error. 

Rach half eycle of are voltage is characterized by 
an in period during which the open-circuit volt- 
ave rises to the value necessary to re-ignite the are. 
\s soon as the are strikes, the voltage drops sud- 
Jenly to a relatively constant value for the remainder 
” the half eyele. Compared with submerged are, 
the open are of an electric steel furnace is subject 
to a more rapid heat dissipation accompanied by a 
more rapid cooling of both anode and cathode spots, 
and so necessitating a relatively higher ignition 
oltage in each half cycle. The time delay until 
this ignition voltage is reached varies with the 
nature of the circuit. In a circuit containing little 
reactance, the time delay between zero voltage and 
whition voltage is increased, whereas the phase dis- 
placement between current and voltage due to the 
inductance in a conventional are furnace circuit 
promotes are re-ignition by delivering an additional 
oltage of self-induction, L di/dt, which reaches its 
maximum when the current is near zero. 

fhe oscillograms of Fig. 9 were taken at an are 
circuit containing very little inherent reactance and 
demonstrate two extremes of ignition peak and cor- 
related time delay. Fig. 9a shows the are voltage and 
current at the beginning of a half cycle. The are 
was struck between a graphite electrode and a slag- 
covered melt. Some time elapses before the current 
increases; this represents the ignition delay and, 
| this case, may be expressed as approximately five 
electrical degrees. Fig. 9a was taken at a short are, 
the graphite electrode having been cathode in this 
particular half evele. When the input voltage, gov- 
erned by its sinusoidal variation, reaches the are 
ignition value of approximately 15 v, a current 
flows 

In this case of short arc, there is no clearly defined 
ignition peak, and the are voltage actually rises 


irom its ignition value to remain almost constant 
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SHORT ARC 
IGNITION DELAY 


%. Oscillograms showing parts of one half-cycle of 
rrent J and corrected are voltage Ea. Left, short are, 
l | flow starts immediately; right, long are, current 
elaved . 


at twenty volts. This phenomenon is attributed to 
the superior conductivity of the short arc. In Fig. 9b 
the are length has been increased, the other circuit 
parameters having been unchanged. In this case, 
the ignition delay is almost 45 electrical degrees, 
and the current flows only when an ignition voltage 
of about 90 v is reached. When the current flow is 
established, the voltage drops from its ignition value 
to 60 v and remains almost constant. 

The time portion of the arc voltage from its inter- 
section with the zero axis to the ignition peak is 
essentially the open-circuit voltage, and does not 
contribute significantly to the power of the arc. For 
this reason, it is referred to as the passive are volt- 
age. The time portion of the are voltage during 
which a current flows has been designated the active 
are voltage. 

It is apparent that a conventional voltmeter 
responds to the passive as well as to the active are 
voltage and that its over-all indication is higher 
than it should be. Are power computations based on 
independent measurements of are voltage and 
current are, therefore, in error by this varying posi- 
tive value. 

It should also be noted that in the case of pro- 
longed ignition delay, the current does not reach its 
maximum at 90 electrical degrees as with a sine 
wave, but somewhat later. Although Fig. 9a and b 
illustrate the usual extremes of ignition delay, 
occasional delays of 55-60 electrical degrees have 
been observed. 

Fig. 10 is a simplified reconstruction of another 
arc voltage trace. The input voltage in this case is 
50 v rms (70.7 v peak). The ignition delay is 30 elec- 
trical degrees, and the ignition voltage is 35 v. The 
active are voltage is 23.3 v and remains constant 
from 30 electrical degrees to 160 electrical degrees 
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Fic. 10. Reconstruction of a typical are voltage half- 
cycle. Areas A and C are passive; area B is active. Calcu 
lated meter readings of rms and average values: 


Apparent 


Active arc arc voltage 
Meter type Indication voltage (B) (A+B+C Error ‘ 
Dynamometer RMS 19.3 21.8 +13 
or thermo. 
Rectifier Avg 16.4 19.3 +18 
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at which point it breaks down to zero. Areas A and 
C are passive, only area B being active in contribut- 
ing to are power. 

The average and rms values for the entire voltage 
curve as well as for the active portion have been 
calculated. Both sets of calculations are based on a 
full half cycle (180 electrical degrees). The results 
of the calculations are listed in the table of Fig. 10 
and indicate errors of +13 and +18% in the con- 
ventional meter readings of rms and average are 
voltage, respectively. The error values calculated 
in this particular case are only indicative, since they 
apply only to the particular half cycle in question, 
although they do demonstrate the existence of a very 
considerable error. 


MEASUREMENT OF ActTivE A-C Arc VOLTAGE 


It is apparent from the foregoing discussions that 
the active are voltage for any short period may be 
measured by oscillographic means, provided that the 
negative feedback principic is applied. A much more 
desirable arrangement would provide a continuous 
rms meter reading of the active arc voltage. An inter- 
mediate solution may be based upon the ratio of 
watts to rms amperes to give the effective rms volt- 
age. It can be assumed that the arc is a pure resist- 
ance, so that the power factor is unity. A major 
disadvantage of this wattmeter-ammeter method 
lies in the fact that two simultaneous readings are 
necessary. These readings are difficult to obtain, 
especially at melting furnaces during the melt 
down period, when current and are power fluctuate 
rapidly. 

To overcome the necessity of making two simul- 
taneous readings, it is conceivable that the watt- 
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Fic. 11. Schematic definition of gross, apparent, and 
ac tive a-c voltage. 





ber 195) 


meter and ammeter indications might be 
in a single instrument so calibrated that its 
continuous indication is watt/amp, or a 


ombined 
resultant 


live rms 
are voltage. Such a circuit has not been d: veloped 
A relatively simple electronic circuit is also coneeiy. 


able, by means of which the voltmeter circuit ;, 
only closed when current is flowing. 

The ratio-of the active part of the are voltage jy 
the apparent arc voltage expressed as a percentag, 
may be designated an are form factor. Having meas. 
ured the active and apparent are voltage by mean 
of the previously described wattmeter-ammete, 
method and an electrodynamometer voltmeter 
respectively, are form factors of 80-90% at an ope 
are between a graphite electrode and steel have bee) 
determined. 

Lower values between 60 and 70% were found a} 
arcs with a more pronounced rectifying effect. 

It is essential to keep in mind that such mete; 
readings average the conditions of both half waves 


DIscUSSION 


As previously stated, electrophysical investiga. 
tions of the electric furnace are conducted at produc. 
ing installations have many practical limitations 
Therefore, small-scale investigations utilizing «a 
experimental furnace have been undertaken 
preliminary studies of this important are. 

In the past, a considerable obstacle to the efficient 
collection of comparison data has been a certain am 
biguity of terms commonly used in reference to the 
electrical operating characteristics of industrial an 
furnaces. Clarification and standardization of thes 
terms is considered to be of importance with respect 
to continued investigations of the complex physics 
of the electric furnace are. 

It is pointed out that the indications or reactions 
of many conventional electrical or electromechanica 
devices depend to some degree on the are voltag 
as an activating impulse, and are positively in 
fluenced by both external and internal errors as 
described in the foregoing sections. The following 
definitions of terms related to a-c are voltage ar 
offered as a step toward a more thorough under 
standing of the electric furnace are. 

1. Gross A-C Are Vollage 

The alternating potential difference existing be 
tween the two nearest convenient points of the arc 
furnace circuit including the arc. This includes the 
voltage drop between the anode and cathode spots 


‘as well as that across resistance elements externa! 


to the arc, e.g., the potential difference betwee! 
electrode clamp and furnace shell as measured by 4 
voltmeter indicating rms or average values (see 
Fig. lla). 
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9 Apparent A-C Are Voltage 
The ernating potential difference existing be- 
anode and cathode spots of an a-ce arc. 


tween 

This can be measured either by connecting adequate 
probe contacts directly to the anode and cathode 
spots or, more practically, by making connections 


at external points and correcting the indication by 
means of a feedback circuit (see Fig. 11). 

3 Active A-C Are Voltage 

That portion of each individual half cycle of ap- 


parent are voltage contributing to are power. The 
rms value of active are voltage can be calculated 
from simultaneous wattmeter and ammeter readings 
(see Fig. llc). 

4. Arc orm Factor 

The per cent ratio between the active and the 
apparent are voltage. 

Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1955 issue of the 
JOURNAL. 














Diffusion of Hydrogen and Deuterium in High Puri: 


Zirconium’ 
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Westinghouse Research Laboratories, East Pittsburgh, Pennsylvania 


ABSTRACT 


Kinetics of the reaction of zirconium with pure hydrogen and deuterium was studied 
for 60°-250°C, H,» pressures of 1.1-5.0 em Hg, and composition range Zr-ZrH, 7, using 2 
vacuum microbalance method. The reaction was shown to be diffusion-controlled with 
diffusion occurring from a surface of constant concentration into a heterogeneous sys 
tem. 

The diffusion equation was solved for these conditions using the method originally 
developed by Neuman and recently applied by Wagner to this type of problem. Aver 
age concentration according to this view Is given by 


, _ Dus pia 
( = 2845 
h 


where D is diffusion coefficient in em*/sec, ¢ is time in seconds,and A is specimen thick 
ness in centimeters 

Plots of C vs. t' * show this relationship to hold over wide variations in time, tem 
perature, pressure, and specimen thickness. Diffusion coefficients were calculated and 
when plotted against 1/7’ on a logarithmic plot gave a heat of activation of 11,400 cal 
mole. The corresponding entropy of activation was 2.7cal/mole/°C. 


The following equation expresses data for diffusion of hydrogen in zirconium 
D = 1.09 X 1073 e—'!:49°/ RT om?/sec 


For the composition range of Zr to ZrH).6, experimental data fit the proposed ex 
planation for the reaction. At higher compositions, deviations were observed 

Diffusion of deuterium in zirconium was also studied and data found to fit the equa- 
tion 


Dp, = 0.73 K 1073 e 3249°/ &T em?/sec 


The relationship between the diffusion coefficient of hydrogen and deuterium was found 
to be 1.5. The theoretical value should be +/2. 





The diffusion mechanism proposed was verified by experimental results 


INTRODUCTION 


Much of the work on the reaction of zirconium 
with hydrogen was reviewed by Smith in 1948 (1) 
and by Gulbransen in 1954 (2). Two studies have 
been made of the kinetics of the reaction with hy- 
drogen. Gulbransen and Andrew (3) studied the 
rate of hydriding between 200° and 300°C using 
high purity metal and a source of highly purified 
hydrogen. Although some kinetic data were ob- 
tained, the rate of reaction was difficult to repro- 
duce and appeared to be sensitive to pretreatment 
and to surface films. Since the initial surface oxide 
film was not removed and its importance was not 
recognized at that time, these kinetic results must 

' Manuscript received March 29, 1954. This paper was 


prepared for delivery before the Chicago Meeting, May 
2-6, 1954 
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be interpreted in terms of an oxide-contaminated 
surtace. 

Bernstein and Cubieciotti (4) studied the permea 
tion of zirconium by hydrogen at 545°-920° 
Again, results were difficult to reproduce, and 
evidence for a contaminating film was observed 1! 
all experiments. 

tecent studies by Gulbransen and Andrew 
showed that the room temperature surface oxid 
film has a remarkable inhibiting effect on rate 
hvydriding. Unless great care was taken to remov 
the initial oxide film and to purify the hydroge! 
the rate of hydriding was limited by a surface 
action. 


Since the mechanism of hydriding of zireomum 


may involve one or more diffusion processes, prec! 


information on the phase diagram of zirconium: 


hydrogen alloys is required. Although Hagg (! 


Vol. I 


ot ude 











Vol. I Vo. Il 


eudie . system earlier and showed the existence 


hvdride phases, the ranges of homo- 


s ge 
esi these phases were not established. 

P To supplement this work, Gulbransen and An- 
drew determined ranges of homogeneity of 
yeral phases from thermodynamic studies and 


‘om x-ray diffraction studies. In brief, for tempera- 
wires below 500°C, the e-phase of Hagg was shown 
1) have a composition range of ZrH), 95 to ZrHy 64, 
hile the 6-phase has a range from ZrH), 5 to 
dri, .». A two-phase region of a- and 6-phases 
ists for all compositions between zirconium sat- 
rated with hydrogen in solid solution and ZrH, 4. 
\, 250°C, the maximum temperature used in this 
vork. the solubility of hydrogen in zirconium cor- 
responds to the composition ZrHy oo (8). 

With this new information on the phase diagram, 
and with techniques available for removing the 
initial surface oxide film and for purifying hydro- 
ven, it was possible to study the mechanism of the 
reaction of pure hydrogen with a clean zirconium 


surtace. 


ANALYSIS OF DIFFUSION PROBLEMS 


Wagner (9) has discussed the general problem of 
diffusion in binary systems of more than one phase. 
From a mathematical point of view this problem 
vas similar to that of melting or solidification in 
vhich one substance changes into another with 
emission or absorption of heat. The common feature 
of these problems was the existence of a moving 
surface of separat’-n between two phases, at which 
material or heat was being transferred. The original 
solution of the heat problem was due to Neuman 
and was presented in a book by Carslaw and Jaeger 
IQ) 














C Cn,t 
«+38 
PHASES 
Fld 
Co z 
€ x —o 

| 1. Diffusion picture, hydrogen in zirconium (after 
W Kner t > 0; Cc, = ZrH, 06, Cu.1 = ZrH, mm. C, = ZrHy ool 
il °C! 
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General picture.—Fig. 1 shows the analysis given 
by Wagner (9) for diffusion from a surface into a 
heterogeneous system for a flat plate. c, is the sur- 
face concentration at x = 0, ¢, is the concentration 
at time ¢ = 0, and ¢;;,; is the concentration in phase 
II at the interface — with phase I. Diffusion pro- 
ceeds from the surface in the homogeneous phase 
Il. At time ¢ the region of phase II extends from 
x=otor = §. 

Since hydrogen reacts with zirconium to form 
two hydride phases in addition to dissolving in 
a-zirconium, the validity of the diffusion picture 
shown in Fig. 1 may be questioned. However, the 
e and 6 hydride phases for most purposes can be 
considered as one phase, since their ranges of homo- 
geneity are nearly continuous (7) and since their 
crystal structures are similar. The effect of solution 
of hydrogen in the metal is negligible since the 
solubility at 250°C is of the order of ZrH0o.0: (8). 

General solution.—The following equation governs 
the diffusion process: 

os "eb “4 (I) 
ot Ox- 
Here the diffusion coefficient, D, is assumed to be 
independent of concentration. The boundary con- 
dition is 


c=c,atz =oandt>Q0O (IT) 


At the interface x = & the concentration of dif- 
fusing species in phase II is that relating to the 
equilibrium value between phases I and IT. 


Cc = Cry atr = bs (IIT) 


When the interface is displaced by dé for a time di, 
the quantity [e1,1 — ¢o| dé of hydrogen must be sup- 


plied from the region x < £ Thus, 


len. _ Col dé = Dat (2°) (IV) 
Or / i 


s 


A particular solution of equation (1) for boundary 
condition (I1) is 


x 
¢=C¢ - Berf(, ), for o<a<é (V) 
" \2v Dt 


Here 3 is a constant and erf is the error function. 

mner (9) assumes as does Neuman (10) that 
the plane of discontinuity is shifted proportional to 
t'’?. Thus, 


t= 727 Dt (VI) 


Here, y is a dimensionless parameter. 
Substituting, one obtains 


Cs — Cy = B erf (y) (VIT) 
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B i 
Cu.1 ~~ GC = Vx exp (—y¥°) (VII) 
Eliminating B, one has 
Co Ht e/g ye” rf 7 (LX) 
Cu.1 —~ Co 


y can be found from equation (IX) and B from 
equations (VII) and (VIII). 

D is usually found by observing the displacement 
£ and by the use of equation (VI). However, if the 
reaction is followed by a weight gain method, D 
must be obtained from the average concentration 
in the sample as a function of time. 

Solution for weight gain method.—Let @ be the 
average concentration in phase II, 0 < x < &. Then, 


‘= [ e(x, t) dx 
¢ 


a 5 c, — Berf aan dx (X) 
t J, 2v Dt 
- E — B [ erf | dx (XI) 


Integrating, 


P B 2 : 
é=c,— Berfy + 7 (1 — ¢ ) (XID 
YV 
This shows that @ is independent of ¢. 
Substituting (VII) and rearranging, 


¢C¢= Cn 2 ] —_.¢ 


/ oy? 
YV x er 


(XII1) 

Ce — Cu. 

Using this analysis, equations (IX) and (XIII) 

are plotted as a function of y. From the plot of 

equation (IX) a value for y is obtained and from a 

plot of equation (XIII) and this value of y, a value 
for 


(é mo Cn p 
(Cy — Cu.1) 


can be obtained. 
From these plots y = 0.425 and 


€— Cn. = 0.485 


Co — Cyt 


Now an expression can be written for the average 
concentration C over the whole specimen: 


ai h 
C- = + «(5 - 8) 


(XIV) 


Here, h/2 is the half thickness and c¢, the solubility 
of hydrogen in a-Zr. For temperatures of 250°C 
and lower, c, has a value of 0.001 or less in terms of 
the ratio H/Zr and is, therefore, negligible. 





Now: mber 193 
‘ 


Substituting equation (VI) and (XI\ 


; And the 
values for y and @, 


C = 2.845 iy 
h iX\ 
For the 0.0127 cm specimens, this equatio: 


( 


becomes 
Y = 224 Duy (XV] 
and for the 0.0508 cm specimens, 

C = 56 Die? (XVI 
In deriving equation (XV) from (XIV) it is assume 
that c, is constant and independent of pressyr 
Phase diagram studies by Gulbransen and Andrey 
(7) show that c, has a value of 1.965 in terms oj 
the ratio H/Zr, and for temperatures of 250°C ay 
lower, c, is independent of pressures of the order of 
1 em Hg and higher. 

Testing of the mechanism of the reaction.—Thp 
reaction mechanism upon which equation (XV) js 
based can be tested experimentally. First, plots o 
C vs. t'? can be used to test the square root of time 
relationship. Second, use of different thicknesses of 
samples tests the validity of equation (XV). Third 
use of both hydrogen and deuterium having dif. 
ferent diffusion coefficients gives an additional way 
of testing equation (XV). Fourth, the analysis as 
sumes a constant value for c,. The effect of pres 
sure, therefore, should be negligible. Fifth, a plot 
of log D vs. 1/7 should give a straight line and a 
reasonable heat of activation. Sixth, the entropy 
of activation of the diffusion process should have 1 
value near zero or slightly positive. 


EXPERIMENTAL 


A vacuum microbalance was used to determine 
the rate of reaction of hydrogen with the metal 
Its construction and use has been described in previ- 
ous publications (11, 12). The sensitivity of the 
balance was 1.25 divisions (0.00125 em) per micro- 
gram for the 0.05 g sample, and the weight change 
was estimated to !'4 of a division (0.20 K 10° ¢ 

A mullite furnace tube sealed directly to the 
Pyrex glass system contained the specimen. Thi 
vacuum behavior of this system has been described 
(13). Special precautions necessary for the study 
zirconium have also been described (5). In all ex 
periments described here, the system and specimet 
were pumped for at least 15 hr to minimize con- 
tamination of the gas atmosphere by degassing 0! 
the walls of the vacuum system. 

Specimens were sheets of zirconium 0.0127 and 
0.050 em thick. Two weights of specimen were 


used, 0.0486 g or 0.4995 g. The larger specimens 
were used for experiments at 60°-100°C where the 








the 


Mes 
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TABLE I. Analysis of zirconium samples 


Foote Zr 

typical 

wt % 
Si 6.01 
Fe 0.04 
Al 0.01 
Cu <0.01 
Ti 0.03 
Mn <0.001 
Ca 0.01 
Mg <0.003 
Pb <0.001 
Mo <0.001 
Ni 0.01 
Cr 0.001 
Sn 0.001 
W <0.001 
N <0.01 
O <0.01 
H <0.02 
C <0.001 
Hf 2.40 


amount of reaction was small, while the smaller 
specimens were used where a large reaction with 
hydrogen was expected. 

Pure hydrogen or deuterium was prepared by 
diffusing the purified electrolytic hydrogen or high 
purity grade of deuterium (99.66% D.) through a 
palladium tube (11). To minimize contamination 
the gas was prepared immediately before use. 

High purity iodide zirconium was obtained from 
Foote Mineral Company. The analysis is given in 
Table I. All specimens were given an abrading and 
cleaning treatment as previously described (5). They 
were placed in turn on the balance, and the tube 
sealed off. The specimen and vacuum system was 
pumped for 15 hr or longer. Before reacting with 
hydrogen, each sample was heated to 700°C in 
high vacuum for 1-2 hr. 


RESULTS AND DISCUSSION 
General 


Fig. 2 shows a series of weight gain vs. time 
curves for the hydriding of zirconium at 150°-250°C 
and for a hydrogen pressure of 5 cm Hg. A new 
specrmen was used for each experiment. For the 
area and weight of the specimens, a weight gain of 
about 715 wg/em* corresponds to a concentration of 
Zrii, 9s. In several of the experiments shown in 
Fig. 2, this concentration was achieved. No visual 
evidence was found for the presence of an oxide 
film after concluding the experiment. 

lig. 3 shows a similar series of curves for 60° 
125°C. The curves were of similar shape to those of 
ig. 2. However, the maximum concentration at- 
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tained in these experiments for one hour of reac- 
tion was ZrHp ». 

There is no evidence of an induction period which 
suggests that the surface was free of oxide film and 
that the reaction is diffusion-controlled. Previous 
studies (5) have shown that very thin oxide films 
(a) exert a strong inhibiting influence on the hy- 
drogen reaction, (b) were responsible for the ob- 
served induction period of the reaction, and (c) ex- 
plain many of the supposedly inert characteristics 
of the metal to reaction with hydrogen. 

Rate law correlation.—To test the mechanism of 
reaction, the average concentration C was plotted 
against the square root of time according to equa- 
tion (XV). Fig. 4 shows this type of plot for the 
250° and 175°C experiments. The 250°C data follow 
a straight line relationship up to a concentration 
corresponding to an H/Zr ratio of 1.60 or the limit 
of the two-phase region. The 175°C data show a 
straight line relationship to the concentration limit 
of the experiment, namely, a value of H/Zr of 0.86. 

Fig. 5 shows similar plots for the 60° and 100°C 
experiments. Although only the initial stage of the 
reaction was studied, straight line relationships were 
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Fic. 2. Effect of temperature on hydriding zirconium. 
Curve A, 250°C, 5 em of Hg of He; curve B, 225°C, 5 em of 
Hg of H.; curve C, 200°C, 5 cm of Hg of H2; curve D, 175°C, 
5 em of Hg of He; curve E, 150°C, 5 em of Hg of He. 
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Fic. 3. Effect of temperature on hydriding zirconium. 
Curve A, 125°C, 2.3 em of Hg of He; curve B, 100°C, 2.4 em 
of Hg of He; curve C, 80°C, 2.4 em of Hg of H2; curve D, 
60°C, 2.4 em of Hg of He. 
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ams | | } | (XV) the sample thickness, h, affects the Ope of 
rm | the C vs. '? plot by the factor 1/h. Fig. 7 show. . 
a 2 comparison of this type of plot for two thi. knes. 
s of metal, 0.0127 and 0.0508 cm. The effeet of } , 
z . : 
oO > : rs ‘ ‘eo ‘Te y » ‘ ) P 
g the plots was that predicted by equatio: (X\ 
6 1.2r ; ' +e — 
2 Calculation of Diffusion Coefficients 
°o . . — 
o ‘ Equation (XV) was used to calculate diffusic 
Ww ._ - . my ° rr 
2 8F 1 coefficients from the C vs. f'? plots. These are sum 
w marized in Table II. Fig. 8 shows these data oy , 
= log D vs. 1/T plot, and from the slope a heat oj 
4h -+ od ee ) 
activation of 11,400 cal/mole was calculated. Dat, 
: | for samples of different thicknesses were included. 
0 i | D, was calculated from the equation 
° 2 4 . ~ 10 12 . 
Jt (min.) bake.” XVII ap 
Fic. 4. Effect of temperature on hydriding zirconium oer uN 
Curve A, 250°C, 5.0 em of Hg of H.; curve B, 175°C, 5.0 Here, D, was the value of D at infinite temperatun se] 
em of Hg of H and AH* was the heat of activation of diffusio) pa 
The values of D, were tabulated and an averag hy 
or oe Te value of 1.09 XK 10° was calculated. The dat, m 
could be represented by 
S .08} D = 1.09 X 10 
4) RT > , 
> } “ em? see (XIX 
° is 
= ost | The value of 11,400 cal/mole for the heat oj tr 
4 activation of diffusion for hydrogen in zirconiun di 
_ . 
3 
oO tl 
¥ oat von Sina, alin aa a 
4 S - 
s f 
— rs 15 if 
02+— ; 
S 10 
fe) 1 L i i , rc 
) ) 2 3 4 5 6 ? 
ee 
Jt (MIN.) 2 50 
Fic. 5. Effect of temperature on hydriding zirconium 
Curve A, 100°C, 2.4 em of Hg of H.; curve B, 60°C, 1.4 em " 
of Hg of H, 
Jt (MIN) 
found. Thus equation (XV) adequately describes Fic. 6. Effect of pressure on hydriding zirconium, Curv 
the time behavior, including the assumption made A, 225°C, 5 cm of Hg of H:; curve B, 225°C, 1.1 em of Ne 
by Wagner on the movement of the interface be- of Hs. 
tween phases. ‘om : | 0.484 +> 4 ——,— 
Effect of pre ssure. Fig. 6 shows ( vs. t' plots ot xh 
the data for two experiments at 225°C in which 2 040} 
Tae ie : S 
the pressure was varied from 1.1 to 5.0 em of Hg. 5 
Slopes of the two plots were identical. The differ- 2 0.30 
= 
ence between the curves was due to the fact that S 
the buoyancy correction? was not applied to the ws 0.20} 
. , . : 4 
data. Hence the effect of pressure on the rate of x : 
&. we ; 6 
hydriding was negligible, and the surface concen- @ 0.10 
tration c, was essentially ZrH, 95. This conclusion } 
was also supported by thermodynamic evidence (7). ot 4 . : - - 
: : . é 
Effect of sample shape.—According to equation Ji (MiN.) 
? This correction was a result of thermal convection cur- Fic. 7. Effect of sample thickness on hydriding zirconium 
' rents set up in the furnace tube. It could be evaluated from Curve A, 0.0127 em thick, 150°C, 2.4 em of Hg of H.; curv 


the final vacuum reading B, 0.0508 em thick, 150°C, 5.0 em of Hg of He. 
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LE UL. Diffusion data hydrogen in zirconium 
1/T X 108 cyt a. 
3.0021 {$60 xX 10°" 1.341 XK 10°8 
2.832 7.09 X 10°"! 0.784 K 1073 
2.680 2.44 X 10°'° 1.178 K 10°% 
2.544 3.25 xX 10°'° 0.705 K 10° 
2.512 6.43 xX 10°'° 1.144 XK 10°% 
2.360 1.625 K 10°% 1.26 xX 1073 
2.232 2.470 XK 10°" 0.876 X 1073 
HM) 2.114 6.02 xX 10° 1.099 &* 10-3 
995 2.008 ido XxX 10° l.ago X it 
25 1.912 2.215 X 10° 1.217 X 10°? 


avg 1.09 K 10° 


appears to be reasonable since value heats of ac- 
tivation of 5,740-10,100 cal/mole have been ob- 
served (14) for the diffusion of hydrogen in 
palladium. The most reliable work on diffusion of 
hydrogen in palladium gave a value of 5,740. cal 


mole 1d, 16). 
Calculation of Entropy of Activation 


One of the best ways to check on diffusion results 
is to make an approximate calculation of the en- 
tropy of activation using the classical theory of 
diffusion as restated by Zener (17). According to 
this theory, D, is given by the expression 


S* Rk 


(XX) 


D, = ga?ve 


Here, a is the distance between sites for diffusion, 
y is the frequency of vibration along the path of the 
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Fig. 9. Comparison of reaction of hydrogen and deu 
terium with zirconium. Curve A, He, 225°C, 1.1 em of Hg; 
curve B, D», 225°C, 1.8 em of Hg 


TABLE IIL. Diffusion data deuterium in zirconium 


rm 17 xX 10 D, cm? sec D,, cm? sex 
100 2.680 1.62 x 10°'° 7.5 X 10~4 
150 2.360 7.70 X 107'° 6.0 & 10 
175 2.232 1.64 xX 10° 6.8 X 10-* 
225 2 008 1.023 X 1073 10.0 * 10-3 


D, avg = 7.3 X 10-4 


diffusion, A S* is the entropy of activation of dif- 
fusion, and g is a constant determined by the geom- 
etry of the particular processes of diffusion. 

In many diffusion problems the experimentally 
determined values include entropy and heat of 
activation terms for the process of forming the 
defects by which diffusion occurs. For the case of 
hydrogen in metals, such as zirconium, the tetra- 
hedral sites in the hydride structures are already 
available for diffusion. Therefore, diffusion of hy- 
drogen in the hydride structures should involve 
only the entropy and heat of activation terms for 
diffusion. According to theory, the entropy of 
activation should have slightly positive values. 

The frequency of vibration of hydrogen atoms in 
the equation has been evaluated from entropy of 
solution data which will be discussed in a future 
paper. A value for vy of 4 X 10" vibrations sec was 
found. The distance a between tetrahedral sites in 
the 6-phase was 2.39 A. 

To evaluate the constant g, the diffusion of hy- 
drogen atoms or ions is assumed to oecur through 
the movement of unoccupied tetrahedral sites. g is 
evaluated by calculating the probability P,; of an 
unoccupied site occurring next to a particular hy- 
drogen atom or ion. The probability varies from a 

~2 — 1.965 ' ’ 
value of at the surface to a value of 


») 
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~ 
—_— 


at the interface c;,;,;. The geometrical mean 
of these values is 0.072. Since g = 16 = Pi, g = 
0.012. Substituting the values of D,, g, a® and », 
AS* = +2.7. This value is in agreement with 
theoretical predictions of Zener (17). 


Diffusion of Deuterium 


The diffusion of deuterium in zirconium was 
studied at 100°, 150°, 175°, and 225°C. Weight 
gain vs. time curves were similar to those seen in 
Fig. 2 and 3. Fig. 9 shows a comparison of C vs. 
t''? plots for hydrogen and for deuterium diffusing 


yrog 


into the metal at 225°C. A straight line relationship 
was found for both gases. 

Table 
III and plotted in Fig. 8. Although the data were 
somewhat scattered, the temperature dependence 


was the same as that found for the case of hydrogen, 


Diffusion coefficients are summarized in 


so the heat of activation for the diffusion process 
was the same for both gases. Calculated D, values 
for hydrogen and for deuterium were 1.09 « 107% 
and 7.3 X 10“, respectively. Therefore, the ratio 
of Dy,/Dp, was independent of temperature and 
approximately equal to 1.5. 

Jost and Widman (15, 16) observed a ratio of 
1.3 for Dy,Dp,. Using the transition state theory 
of diffusion, they show that the effect of the mass 
of the diffusing specie was in the frequency term in 
the expression for the diffusion coefficient, the fre- 
quency of vibration being proportional to 1/+/m or 
1/2. 
Dy,/Dp, of 1.41. This compares with the experi- 
mental value of about 1.5. 


Thus, the simple theory gives a ratio of 


A similar analysis could be made using the classi- 
cal theory of diffusion as expressed in equation 
(XIX). The major effect appears to be that of mass 
on frequency of vibration along the path for reac- 
tion. Considering the scattering of experimental 
results, the diffusion of deuterium in zirconium is 
adequately explained by equation (XV) with the 
effect of mass on the frequency of vibration of the 
particular diffusing specie explaining the ratio of 
Duy,/ Dp,,. 


Limit of Application of Diffusion Equation 


Equation (XV) was derived on the basis of the 
diffusion of hydrogen from the surface through the 
« and 6 hydride phases to form new 6-phase. It was 





Noven er 195) 


assumed in the derivation that the plane of dix 


continuity was shifted proportional to ¢! 


\t some 


value of the average concentration C, the planes of 
discontinuity meet at the distance h/2. F jUation 
(XIV) was used to ecaleulate C for this ec dition 


and a value of 1.67 was obtained. Fig. 4 shows 
plot of C vs. ? for the hydrogen reaction aj 


a 


a 


temperature of 250°C. A straight line was found 
for concentrations up to 1.6-1.7. This agrees wit) 
the prediction of the equation. 
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High Temperature Crystal Structure of Thorium’ 


Premo CHIOTTI 


Ames Laboratory, Atomic Energy Commission, Iowa State College, Ames, Iowa 


ABSTRACT 


High temperature x-ray diffraction patterns and electrical resistivity measurements 
show that thorium of 99.8% purity transforms from face-centered cubic to body-cen- 
tered cubic on heating to 1400 + 25° C. At 1450° C the lattice constant of body-centered 
cubic thorium is 4.11 + 0.01 A. The extrapolated lattice constant of face-centered cubic 
thorium at the same temperature is 5.180 + 0.005 A. The lattice constant of the metal 
used is 5.089 + 0.001 A at room temperature. The transformation temperature is rap- 
idly increased as the amount of carbon in the metal is increased. Zirconium has the 
opposite effect in that small amounts of it are very effective in lowering the tempera- 


ture at which the transformation begins. 


INTRODUCTION 


Thorium at ordinary temperatures has a close- 
packed face-centered cubic structure. In an earlier 
investigation (1) some resistance measurements on 
thorium in the temperature range between 750° 
and 1700°C gave evidence of a possible allotropic 
transformation. At about the same time, an inves- 
tigation of the thorium-zirconium system by Carlson 
(2) indicated that a complete series of solid solutions 
is formed between these two elements at elevated 
temperatures. Since zirconium is body-centered 
cubic at temperatures above 865°C, the results ob- 
tained by Carlson can be explained more satisfac- 
torily on the supposition of the existence of a body- 
centered cubic form for thorium. In order to resolve 
this question, further resistance measurements were 
made and x-ray diffraction patterns were taken in 
the temperature range in question. 


EXPERIMENTAL METHODS 


The change in electrical resistance with tempera- 
ture of thorium was measured over a temperature 
range of 750°C to its melting point. The method em- 
ployed and apparatus used have been described in 
detail elsewhere (3). In this method, a specimen 
approximately a quarter-inch in diameter and four 
inches long is clamped between two water-cooled 
copper electrodes and is heated under vacuum or 
it an inert atmosphere to various temperatures by 
passing a 60-cycle alternating current through it. 
Two thin thorium wires are spot welded one centi- 
meter apart near the middle of the bar where the 


Manuscript received May 28, 1954. This paper was pre 
pared for delivery at the Chicago Meeting, May 2 to 6, 
1954. Contribution No. 330 from the Institute for Atomic 
Research and Department of Chemistry, lowa State Col- 
lege, Ames, lowa. Work was performed in the Ames Lab 
oratory of the Atomic Energy Commission. 
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temperature is reasonably uniform. The potential 
developed between these two leads is balanced 
against the output of a current transformer whose 
primary is connected in series with the specimen. 
Since the output of the current transformer is pro- 
portional to the current through the primary, and 
the potential developed across the one-centimeter 
length of the specimen is the product of the same cur- 
rent and specimen resistance, the change in resistance 
with temperature is measured directly. Essentially, 
this is an alternating-current potentiometric null- 
point method. In order to balance one alternating 
voltage against another, it is necessary that the two 
voltages be of identical wave form and 180° out of 
phase. These conditions can be met quite closely 
in the method However, Corbino (4) 
has shown that, on heating a metal filament by 
means of an alternating current, a second harmonic 


described. 


is introduced due to small variations in resistance 
with temperature in the course of current reversal. 
This effect could not be readily detected with an 
oscilloscope in the present investigation and was 
considered negligible as far as the qualitative course 
of the resistance vs. temperature curve of thorium 
is concerned. Temperature measurements were ob- 
tained by fogusing a disappearing-filament type 
optical pyrometer onto a small hole drilled into the 
middle of the specimen. 

X-ray diffraction data were obtained with a 
North American Philips Company high angle goni- 
ometer diffractometer which was adapted for high 
sketch of the 
goniometer specimen holder and furnace developed 


temperature investigations (5). A 


for this purpose is shown in Fig. 1. Both the base and 
The incident and 
diffracted x-rays pass through a 2.5-mil aluminum 
window which extends over a 180°C are on the fur- 


furnace cover are water-cooled. 


nace cover. The furnace is evacuated through a 
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Fic. 1. Isometric projection of furnace and specimen 
holder attachment for x-ray diffraction goniometer 


hollow stainless steel shaft which extends through 
the goniometer. 

Two types of specimens were used. One consisted 
of a thorium bar approximately 5; x 4, x 3's in., 
held in place by the clamp shown on the left side 
of the furnace base in Fig. 1. The other consisted of 
a smaller piece of thorium, '4 x '¢ x 44 in., supported 
in an appropriate slot on a tantalum bar, the bar 
being held in place by the same clamp mentioned 
above. No appreciable reaction between the tantalum 
and the thorium was observed at temperatures up 
to 1575°C. The latter arrangement proved more 
satisfactory since thorium bars were found to sag 
when heated to this temperature. 

Samples are heated by means of a tantalum sheet 
resistance element. Radiation shields surround the 
heating element to reduce radiation losses. The speci- 
men is heated by radiation from the heating element 
and does not make direct contact with it. Tempera- 
ture measurements are made by sighting an optical 
pyrometer on a small hole (No. 65 drill) drilled into 
the side of the specimen. The hole in the specimen 
is so arranged that it can be viewed through a glass 
window sealed onto the furnace cover and through 
a '¢-in. hole drilled through the radiation shields. 


EXPERIMENTAL RESULTS 


The first evidence for a transformation in thorium 
was obtained from electrical resistance measure- 
ments. Results of measurements on a thorium speci- 
men taken from cast metal are shown in Fig. 2. 
The resistance is seen to rise rapidly in the tempera- 
ture range of 1425° to about 1525°C. The average 
heating rate through this temperature range was 
1.6°/min. There is evidence of a second break in the 
curve at 1700°C which is believed to be due to 
incipient fusion; however, the bar did not melt in 
two until heated to 1740°C. Similar runs on other 


bars cut from cast metal, bars made from pressed 


wer 195 


metal powder, and on Westinghouse meta’ all yay, 
a sharp increase in resistance at 1400° . 95% 
The range of temperature over which thi 

takes place is evidently related to the imp 


INCTe Ase 


rites }) 
the metal and to some extent to temperature grad). 
ents in the specimen. Carbon is very effective jy jy. 
creasing the temperature at which the transforms 


tion begins. Metal containing as little as 0.2 wy 
carbon along with the usual impurities no jonge 
gives any definite indication of a transformation 
X-ray diffraction data confirmed the existence o 
a transformation in thorium. The metal transform. 
from face-centered cubic to body-centered cubic ¢ 
heating to above 1400°C. Copper radiation and 
nickel foil filter placed in the receiving slit were ysed 
in studying the transformation. In some cases wher 
the alpha peaks were particularly strong, the eo; 
responding beta peak was not completely suppressed 
The scanning speed in each case was two degrees 2s 
per minute. Fig. 3 shows the diffraction peaks oj 
sample which initially contained approximately 345 
ppm carbon, 195 ppm nitrogen, 1000 ppm oxyge 
and 1200 ppm metallic impurities. At 1375°C the 1) 
face-centered cubic peak was very strong. Thi 
temperature was then increased to 1415°C. Th 


range from 26° to 33° 26 was immediately scanned 
As may be seen from this figure, a new peak ident 
fied as the 110 body-centered cubic peak appeared 
This region was then rescanned and the diffractio 
peaks up to 146° 26 recorded. The possible identifica 
tion of the peaks is shown on the figure. The pressur 
in the system during the run was maintained betwe 
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20 X 10°* to 7.0 &K 10°° mm of Hg. The missing 
body-centered cubie peaks and the peculiar relative 
intensities of the peaks observed is believed to be due 
to excessively large grains and grain orientation. 
Fig. 4 shows the nature of a thorium specimen 
surface after being heated for about six hours at 
temperatures between 1200° and 1500°C during the 
course of x-ray diffraction studies. The large dark 
spots are believed to be oxide particles in the meta! 
initially. The fine structure is probably due to con- 
lamination by oxygen or other gaseous impurities 
during the heating operation. Large recrystallized 
grains and the outlines of the old grains are evident. 
lig. 5 shows the front reflection peaks obtained 
with a sample of iodide crystal bar thorium of un- 
Known purity. At 1440°C only one face-centered 


cubic peak and two body-centered cubic peaks are 
present. At 1505°C only two body-centered cubic 
peaks remain; however, these two peaks are not the 
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Fig. 4. Surface of thorium sample after about 6 hr at 
temperatures between 1200° and 1500°C, unetched. 100X. 


same as the body-centered peaks present at 1440°C. 
A possible explanation for this observation is that a 
change in orientation of the grains results as the 
transformation goes to completion. Absence of 
thorium oxide peaks is noted. 

Both tantalum and niobium lower the temperature 
at which the transformation begins to approximately 
1375°C. The lowering of the transformation tempera- 
ture may be due to solubility of these metals in 
body-centered thorium or due to removal of im- 
purities which normally increase the stability of the 
face-centered modification. Tantalum, when added 
to thorium in small amounts, effectively removes 
carbon from solid solution to form insoluble TasC. 
In this case the thorium matrix can be dissolved 
with nitric acid leaving the insoluble carbide as a 
residue. Niobium presumably does likewise. The 
extent of solid solubility of either niobium or tanta- 
lum in body-centered thorium is uncertain, but from 
atomic size considerations it is expected to be small. 
Zirconium, however, is very effective in lowering the 
temperature at which thorium transforms. Diffrac- 
tion peaks obtained from a sample containing | wt % 
“ach of niobium and zirconium are shown in Fig. 6. 
It is evident from this figure that some of the body- 
centered phase is present at 1340°C and that the 
face-centered cubic phase has disappeared at 1375°C. 

Small variations in alignment of the specimens 
along with the effects of orientation resulted in a 
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Fic. 5. Diffraction patterns of crystal bar thorium of 
unknown purity. 
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much greater variation in peak position than is 
normally obtained with well-aligned samples with 
small, randomly oriented grains. Nelson and Riley’s 
(6) extrapolation method was used in determining 


the lattice constants. Individual peaks were also 





Now 


nber 195; 


scanned at one-fourth degree 2@/min to obi.:in better 


resolution of the peaks. The uncertainty 1) the - 
trapolated value of the lattice constant of | he body 
centered thorium was found to be rather large dye 4, 


the fact that the well defined peaks usually occur 
only in the front reflection region and the total 
number of peaks was generally limited to five or Jeg 


CONCLUSIONS 


As a result of a large number of x-ray diffractioy 
measurements on thorium metal containing aip- 
proximately 345 ppm carbon, 195 ppm _ nitrogen 
1000 ppm oxygen, and 1200 ppm metallic impurities 
it may be concluded that this metal transforms from 
face-centered cubic to body-centered cubic at 149 
+ 25°C. The lattice constant of the body-centere 
metal at 1450°C is 4.11 + 0.01 A. and the extra. 
polated lattice constant of the face-centered cubic 
modification at the same temperature is 5.180 + 
0.005 A. At room temperature the lattice constant 
of the metal used was 5.089 + 0.001 A. 

Some contamination of the specimen surface }y 
carbon on heating at 600° and 900°C was observed 
This was probably because of outgassing of rubber 
vacuum seals or the Apiezon wax used to seal thi 
aluminum window. Prolonged heating in this rang 
usually resulted in the appearance of extraneous 
peaks which could be indexed as face-centered cub) 
thorium carbide. At temperatures above 1000°C, no 
difficulty in this respect was observed, possibly by 
cause of the rapid diffusion of carbon into the meta! 
Possible variation of the carbon content on the sw 
face of the specimens due to these effects probably 
contributed to the observed variation in the lattic 
constants. 
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Anodic Behavior of Copper in HCI 
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ABSTRACT 


Anodic behavior of copper in 2N HCl has been studied by both electrical and optical 
methods. The temporal behavior of current and voltage have been found, as well as the 
current vs. voltage characteristics. The anode surface has been observed both visually 
and photographically with the aid of conventional microscopes, and the anolyte has 


been photographed cinematographically using a schlieren microscope. 
When the current is turned on, a layer, probably CuCl, starts to form at random nu- 
cleation spots on the anode. This grows until the whole anode is covered, at which time 


the current drops abruptly. Up until this time the anolyte becomes less concentrated, 


but the concentration may increase again after the current has become low. 


The anode-calomel voltage may be written as V = e(7) + ir, where e(7) becomes con- 
stant at high current densities. The values of e(7) have been found by both the inter- 


ruption and the direct method, and there appear to be at least four of physical signifi- 
cance. These values are —0.35, —0.27, —0.05, and +0.11 v. 


In general, the current drops twice before reaching its minimum value. If t, is the 
, . : t <9 PGF 
time from the make to the first drop, and if Q = {.! i dt, and if i, is the “initial” cur- 
rent after the make, then empirically Q = 24(7, — 0.70)°-*, where i, is in ma. 


The anode layer is about 3 yu thick in the steady state. When the circuit is broken, r 


and « change rather rapidly (in about 0.1 sec), but the layer dissolves off slowly. 


INTRODUCTION 


In an endeavor to further the understanding of 
electrochemical phenomena, such as overshoot and 
biological 


oscillations, which occur in 


Bartlett (1) studied the anodic behavior of iron in 


systems, 


aqueous H SO, with special attention to various 
kinds of transient phenomena which may arise 
when the applied voltage is changed. The work was 
continued by Bartlett and Stephenson (2) with 
emphasis now on the steady-state behavior of 
passive and active iron, and on the transients 
resulting from brief interruptions of the active 
steady state. Microscopic observation of the anode 
in situ revealed that evolution of hydrogen caused 
disruption of the layer which tended to form, so 
that this introduced an uncontrollable variation 
with resulting lack of reproducibility. The conclusion 
was reached that the Fe | H.SO, system is an un- 
desirable one to use for the study of layer formation, 
which seems to be basic for any analysis of over- 
shoot and oscillation. 

Fortunately, other systems do exhibit these 
transient phenomena, and these are much more 
reproducible.* Bartlett and Stephenson decided to 


Manuseript received December 9, 1953. This paper sums 
Up investigations which have been reported at the Phila- 
delphia Meeting, May 4 to 8, 1952, the Montreal Meeting, 
Vetober 26 to 30, 1952, and the New York Meeting, April 
12 to 16, 1953. 
* Present address: California Research 
La Habra, California. 
‘The high degree of reproducibility in the system re- 
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investigate the system consisting of a copper anode 
in aqueous HCl. This.is admirably suited for 
the study of layer formation because of the follow- 
ing properties: (a) Cu is attacked only very slowly 
by 2N HCl; (b) the anode layer which is formed is 
readily detected by simple optical means; (c) rates 
of reaction are such that the transient phenomena 
can be followed easily; (d) compositions of the layer 
and the soluble anode product are known; and (e) 
no undesirable products are formed during elec- 
trolysis. The purpose of the present paper is to 
report on various physical changes which take place 
at the surface of a copper anode immersed in HCl, 
and on changes occurring in the diffusion layer next 
to this anode. The work may be regarded as a 
theoretical contribution to the behavior of metal 
electrodes covered with precipitated salt, as found 
in corrosion reactions. 


Procedure 


The experiments to be described fall into two 
main categories: electrical and optical. The electrical 
experiments involve studies of temporal behavior 
of current and voltage, and of the current vs. 
voltage characteristics. The optical experiments 
consist of both visual and cinematographic observa- 
tion of the anode surface with conventional micro- 
scopes, and of cinematographic studies of the 
ported on here is evident from Fig. 5-8, 13, and 14, where 
each point represents one run only and is not an average of 
several runs. 
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anolyte using a schlieren microscope. The optical 
experiments are carried out in conjunction with the 
electrical experiments so that accurate correlation 
of all related phenomena is possible. 


Apparatus 


Cell.—The circuit employed in these experiments 
is shown semipictorially in Fig. 1. The electrolytic 
cell consisted of a rectangular box made of glass 
with an optical window of glass 0.1 mm thick in one 
face to permit microscopic observation of the anode 
in situ. The inside dimensions of the cell were 2.5 
x 7.5 x 7.5 em. The cell contained 110 ml of an 
aqueous solution of hydrochloric acid, into which 
were placed two working electrodes and a reference 
electrode. Unless otherwise noted, the acid concen- 
tration was 2 moles/! (2) and the temperature was 
25°C. Preliminary experiments were carried out in 
both air-saturated and oxygen-free solutions in 
order to determine the effects of dissolved oxygen 
on the phenomena to be observed. No differences in 
the transient behavior were apparent, and micro- 
scopic observations failed to show any changes in 
the anode film due to dissolved oxygen. Conse- 
quently, the more convenient air-saturated solutions 
were used. Because of physical limitations imposed 
upon the structure and the orientation of the anode 
by the microscopic experiments and the schlieren 
experiments, it was decided to conduct all experi- 
ments with a vertical anode and to permit free 
convection of the anolyte. The anode structure 
consisted of a vertical brass rod with a 1 cm length 
of # 14 (1.63 mm diameter) copper wire (Anaconda) 
soldered horizontally into its lower end. Picein 105% 
covered the entire assembly except for the end cross 
section, A, of the copper wire, which constituted 
the anode surface. Filed anodes were prepared using 
a Nicholson “Mill Smooth’ file. Electropolished 
anodes were prepared by mechanical polishing down 
to 4/0 polishing paper (Norton) followed by electro- 
polishing in 50% orthophosphoric acid. The cathode, 
K, was a 0.005 in. thick platinized platinum sheet, 
3.0 x 3.3 em, supported by a brass rod which was 
covered with Picein. A 0.1N calomel half-cell was 
used as the reference electrode. Provided the 
distance between the anode and the cell walls was 
at least 2 mm, the transient behavior was found to 
be independent of cell geometry (2). 

The potential measurement, source of emf, 
recording of current and voltage, and interruption 
techniques were as described in a previous paper 
(2). In addition, a Brown recording potentiometer 
(0-10 mv) was used to record slow transients (i.e., 
those lasting longer than about 20 sec). The external 

‘Obtained from E. H. 
Illinois. 
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circuit resistance was controlled by a 200 ohn 
helipot, FR. 

Microscope and accessories.—For visual observa. 
tion of the anode surface, a microscope was provided 
with a special mechanical stage to hold the electro 
lytic cell, electrodes, etc. For most work, a 16 mm 
(10X) objective having a numerical aperture oj 
0.25 and a working distance of 6 mm was used 
together with a 10x eyepiece. The anode was 
illuminated obliquely to obtain maximum contrast 
A 35 mm Praktica FX single-lens reflex camer 
was used to obtain photomicrographs. 

Cinematographic microscope.—Cinematography ol 
the anode surface was accomplished with a co 
ventional 8 mm home movie camera, Bell an 
Howell Model 134-V. The camera lens, an f |! 
Super Comat, was removed from the camera and 
mounted backward (in order to preserve th 
conjugate relationship for which the lens was 
corrected) on a short extension tube. This arrang 
ment provided an excellent cinematographic micro 
scope having a primary magnification of 34 di 
ameters. An auxiliary lens and 45° prism wen 
mounted in the side of the extension tube to permit 
simultaneous recording of the current and voltag 





Fic. 2. Cinematographic microscope 
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ieflections on the oscillograph screen. Fig. 2 shows 
the principal features of this apparatus. 

Schl ren photography.—Information about the 
jiffusion layer was obtained by using a specially 


_onstructed schlieren microscope (3). This is an 
optical instrument in which the intensity of light 
neident on the photographic film at a certain point 
<a linear function of the gradient of the index of 
refraction at the corresponding point in the object 
nace. Even though this method has not yet been 
ai quantitative at concentration gradients as 
high as those occurring in the present work, it still 
‘; very helpful in furnishing a general picture of 
what is occurring. Schlieren motion pictures of the 
diffusion layer were taken with the aid of the 8 mm 
camera used for microphotography. 


Make TRANSIENTS 


If a freshly filed 
anode is placed in the solution and the circuit is 


General nature of transients. 


then closed, the nature of the ensuing current vs. 
time curve (here designated as a ‘‘make transient’’) 
vill depend on the external emf / and the external 
resistance R (1). 

The complete circuit will be considered as con- 
sisting of two parts, the internal part and the 
external part. The internal part is defined as that 
part which extends in the cell frem the anode metal 
to the tip of the calomel electrode. Its resistance 
vill be denoted by r. The external part of the 
ircuit is that part which metallically connects the 
node to the cathode, plus the part from the cathode 
to the calomel electrode tip. Its resistance will be 
termed FR. If 7 is the total cell current measured in 
the external cireuit, the anode-calomel voltage V is 
given by 


V E—iR (1) 


’ 


li Fk and R are held constant, ¢ can still vary, but 
| will also vary. In the 7-V plane, the above equation 
will be represented by a straight line, which will be 
called the load line, in analogy to vacuum tube 
terminology. (The resistance R consists mainly of 
the resistance of the helipot, and we shall regard as 
negligible the resistance of the leads, of the potential 
divider cireuit, and of the solution between cathode 
and calomel, because these total approximately 1.5 
ohms, or only 1% of the minimum resistance 
employed in the present work.) 

\ typical make transient for medium R (140 
ohms) and high final voltage V is shown in Fig. 3a. 
\t the very beginning, there is a spike (not shown) 
lasting about 10-° or 10~ sec. The current then falls 
rapidly from the “‘initial’’ value 7% and becomes 
approximately independent of time. This region will 
be called the first plateau. The current actually goes 
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Fic. 3. Make transients. E = +0.50 v, R = 140 ohms. 
a, Left, freshly filed anode; 6, right, electropolished anode. 


through an inflection point, 7;, decreasing more or 
less slowly. After a rather abrupt drop to a second 
plateau (current 7;;), the current drops again, then 
varies slowly. For the case shown in the figure, it 
goes through a minimum 7,,;, and then rises to the 
steady state value 7,. If, however, i is sufficiently 
high, such a minimum is not observed and the 
current will fall continually until 7, is reached. 
The current may overshoot one or more times 
before settling down to the steady value, 1.7 ma. 
This is illustrated in the semilogarithmic plot of 
Fig. 4. 
Klectrode 


preciable current flows, the anode-calomel voltage 


potential and resistance—If an ap- 


will, in general, differ from the reversible value, 
View. The overvoltage is defined as the difference 
between the observed voltage (at a given current) 
and the reversible value. It is regarded as composed 
of three distinct contributions: resistance over- 
voltage V, = tr, concentration overvoltage or 
polarization V,, and “activation”? overvoltage V, 
(4). 

The anode-calomel voltage may then be written 


as 


V = View t Vet Ve + Ve =e +r. (ID) 


The quantity « = Viw + V, + V, will be termed 
the electrode potential for present purposes. If this 
is constant for a certain set of circumstances, the 
locus of ¢ vs. V will be a straight line with intercept 
This determination is called the 
direct method (5) of obtaining « and r. Another 


e and slope 1/r. 
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Fic. 4. Make transient for freshly filed anode. The 
horizontal line at 1.7 ma represents the steady-state cur 
rent. FE = +0.50 v, R = 140 ohms. 
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Vv (Volts) 
Fic. 5. Characteristic curves for the Cu! HCl (2N) 
system at 25°C with a freshly filed anode having an area 
of 2.1 mm?*. 


method which may be used to check or complement 
this is the interruption method. This consists in 
breaking the circuit and observing V before and 
after, as well as 7 before, the break. Then € = Voss 
and r = (Von Vorr)/t. Both methods were used, 
and they agree in all cases where they are applicable. 
The interruption method will not be suitable if the 
recording apparatus is not sufficiently fast, for a 
rapid decay of « may escape detection. Even where 
this decay is observed, one must extrapolate back to 
t = 0 in order to find the value of ¢ at the time of the 
break. The results of Hickling and Salt (6), based 
on extrapolation, were criticized 
Frumkin (7). 

For high current densities, the value of ¢ is 
constant in the steady state (8) and at certain 
critical points (for the system Cu | HCl), as will 
now be shown. These critical points occur when 7 is 


adversely by 


equal to %, 7;, and 7;;, respectively. As may be seen 
from Fig. 5, the loci (Vo, i), (Vz, t1), and (Vqy, t1), 
which shall be called ‘characteristics’, become 
straight, mutually parallel lines above approxi- 
mately | ma. (Similar behavior has been found for 
the steady state, for Hickling (8) stated that ‘there 
is a fairly general tendency for the overvoltage to 
approach a constant maximum value” at high 
current densities.) The reciprocal of the common 
slope of the characteristics equals the resistance, 
and is 12 ohms for the system (Cu | 2M HCl). 
Thus, the cell’s internal resistance does not change 
appreciably until after the second plateau has been 
reached. 

The values of « determined by this direct method 
areé = —0.35 v, ¢, = —0.27 v, ande,, = +0.11 v. 
In other words, at high current densities these 
experiments show that the overvoltage (excluding 
that due to ohmic resistance) has one constant 
value for %, another for 7,;, and another for 7,,. 


Two of the above values of « were confirmed by 
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interruption experiments, which resulted in , 
—0.35 v and ¢, = —0.27 v. However, whey the 
current during the second plateau anc late; is 
interrupted, the value of V after 10~ sev jg — 
—0.05 v. This is reconcilable with the resilt of the 
direct method if it can be assumed that there js , 
rapid decay (<10~ sec) from en = +0.11 y y 
ei, = —0.05 v. (The recording apparatus used jy 
the present experiments was relatively slow, being 
incapable of detecting decay constants appreciably 
smaller than 10~ sec.) The value of «€ = 0,1] 
does seem to have physical significance (cf. “Break 
Transients’’). 


Typical curves showing the variation of ¢ and , 
with time as determined by the interruption method 
are given in Fig. 6. Data were obtained for fresh) 
filed anodes with EF = +0.20 v and R = 140 chen. 
and are plotted on the assumption that the entir 
voltage change at the break is due to an ir drop. 

On open circuit, the potential of the copper 
electrode is &9 = —O44 v (with respect to 0.1) 
calomel). Immediately after the circuit is closed. 
the potential jumps to « = —0.35 v, as is evidenced 
by a small dot on the film. (The switch contac 
S, [Fig. 1] bounced for about 10° see after closing. 
and thus provided sufficient break to observe this 
value of ¢.) The potential then rises less rapidly to 
¢, = —0.27 v. It stays at this value until the end 
of the first plateau, when it changes abruptly to 
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Fic. 6. Temporal behavior of ¢ and r following make 


E = +0.20 v, R = 140 ohms. 
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whe 1.05 v, the potential of the second plateau, 
€1l 


chere it emains for the rest of the transient. 

\ . ® . 

The resistance r remains essentially constant at 
+. initial value, To = 12 ohms, until the end of the 
}is ; 


(rst plateau. Then, soon after the « jump, it increases 
abruptly to a maximum value and decreases slowly 
ioward its steady-state value r,,, € staying practically 
eonstant at —().05 v. 

If one now re-examines the 7 vs. ¢ curve with an 
ove to stating on what portions € varies and on what 
portions yr varies, the following conclusions are 
reached : 

|. The drop in current from 7% to 7; and the drop 
from i; to ty; are due primarily to changes in .«, 
while the drop from 7t;; to tmin 18 due primarily to a 
change in r. In the ease of electropolished anodes 
where the transition from 7; tO Ztmin is relatively 
smooth, it is presumed that the changes in ¢ and r 
occur almost simultaneously. 

2. Variations of the cell current subsequent to 
the current drop are due primarily to changes in r, 
for remains approximately constant at €;; = 0.11 v. 

Durations of plateaus.—The duration of the first 
plateau is found to depend on i. Let ¢; be the time 
from the make to the inflection point at the drop 


ty 
from 7; to 27;;, and let Q = [ i dt. Then empirically, 
“0 


Q = ity = 24 (% — 0.70)°°* (III) 


(This is shown in Fig. 7.) If E and R be given, then 

and 7; can be found trom the intersection of the 
load line with the characteristics. Then, from 
equation (III), ¢; can be estimated. It will decrease 
as ty increases. The value 0.70 in equation (III) 
corresponds to the steady-state current on the lower 
plateau (see below). 

The duration of the second plateau appears to be 
affected by the condition of the anode surface, 
being a maximum for a filed surface and a minimum 
lor an electropolished surface. Indeed, with an 
electropolished anode the second plateau is some- 
times entirely absent, its expected location being 
marked only by a slight discontinuity in the slope 
of the 7 vs. ¢ curve (Fig. 3b). 

Prediction of general features of a make transient. 
Once the “characteristics”, i.e., the straight lines 
associated with the critical points, have been found, 
it is an easy matter, knowing equation (III), to 
give the main features of a transient corresponding 
to any values of E and R. 


' Under similar cireumstances, the potential drop across 


the diffusion layer has been deduced to be negligible. See 
reler ce (9). 
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Fic. 7. Q as a function of 7, for both freshly filed and 
electropolished anodes. Q = 24 (i, — 0.70)~*-58 


If equations (I) and (II) are solved for 7, the 
result is 


E-e 


= (IV 
R+r 


1 
One can substitute in the values of EF and R, set 
r = 12 (the value of the solution resistance), and 
the values ¢€) and €;, to obtain 7 and 7;. Alternatively, 
these can be found graphically by letting the load 
line intersect the characteristics corresponding to 
€) and e¢;, respectively. The values of V are dependent 
on those of « by equation (I). 

Once ip and 7; are known, ¢; can be obtained from 
equation (III), so that the main features of the make 
transient up to the time that the current first drops 
can be given beforehand. Thus it is seen that the 
characteristic lines, which may be obtained quite 
sasily, are extremely useful in prediction. 

The current minimum.—In many cases the 
current passes through a minimum shortly after the 
final current drop. For currents up to 15 ma, Ztmin 
is found to depend mainly upon 7%, as illustrated in 
Fig. 8. There is also a dependence of tnin on the 
condition of the anode surface, it being smaller for 
electropolished anodes than for ground anodes. 

Schlieren study of the anolyte——-The qualitative 
nature of changes occurring in the diffusion layer 
at the anode was determined with a_ schlieren 
microscope. The pictures shown in Fig. 9 were 
taken using a freshly filed anode, with E = 0.50 v 
and R = 140 ohms. The schlieren knife edge was 
adjusted to show positive and negative gradients 
with equal clarity, and so oriented with respect to 
the anode (which appears in silhouetted profile 
at the left of the photographs) that bright regions 
corresponded to a refractive index (and concentra- 
tion) which was increasing toward the anode, and 
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Fic. 8. Minimum current vs. initial current for a freshly 
filed anode 


dark regions corresponded to a refractive index 
(and concentration) which was decreasing toward 
the anode. 

Att 0, immediately before closing the switch, 
the anolyte is seen to have a uniform concentration 
throughout the region in which the diffusion layer 
is expected to develop. The bright line outlining the 
face of the anode is due primarily to diffraction 
(10), but may be enhanced somewhat by the 
presence of products from the acid’s slow attack on 
the anode. After electrolysis has proceeded for 0.7 
sec, a dark region is observed extending out from 
the anode into the solution approximately 0.15 mm 
(measured at the center of the anode). Since the 
refractive index is decreasing toward the anode in 
this region, it can only be a region in which the HC! 
concentration 1s decreasing toward the anode; 
i.e., Cl is being consumed at the anode-solution 
interface. (Some of the photographs show a bright- 
ening of the anolyte nearest the anode which lasts 
for about one-third the duration of the first plateau. 
This is as yet not explained, and is not relevant to 
the present discussion.) At 1.3 see and 2.0 sec the 
HC l-depleted region has advanced to approximately 
0.27 mm and 0.33 mm, respectively. Comparing 
the photographs taken at 2.0 sec (near the end of 
the first plateau), at 2.1 sec (on the second plateau), 
and at 2.2 sec (near the current minimum), it is 
seen that no change whatever occurs in the diffusion 
layer when the current drops. After 4 sec have 
elapsed, the HCI-depleted region has nearly reached 
its maximum extent of about 0.48 mm, the reduced 


density of this region being evidenced | 
that it is carried upward by convection, A 
time 


it is observed that a bright reg 
sponding to a refractive index which jy 
the anode is approached, has begun to {i 
face of the anode. At 6 sec the current h 
its minimum (Fig. 4), the HCl-depleted 
advanced to its maximum extent, and th: 
of the bright region of the anode product | 
to stream from the bottom of the anode. 
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After 10 sec have elapsed, the current has begyy 4, 


rise toward its steady-state value, the HC! depleted 
layer has begun to recede, and the anocd product 


has established a steady downward flow whic 


tends to counteract the upward convection prey 
ously established by the HCl-depleted layer, 4; 
300 sec the current has reached its steady-stgy 


value. The HCl-depleted region is not only 


aj) 


preciably reduced in extent, but is now being swey 


downward by the anode product. 


Cl disappears from solution and Cl. is not observed 


The anode reactions. 


to be liberated, the Cl 
reaction involving the oxidation of copper. T| 


Since, when current flows 


must be consumed by sor 


resulting products are at least two in number, { 


it is observed that a layer forms on the anode and 4 


viscous stream pours down from it after the lay 


has been completed. 


Some evidence as to 


the nature of the anod 


reactions is furnished by the existence of the 1 
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electro yotentials, ¢¢ = —0.27 v and ¢y = 
005 (he former is observed when at least part 
of the snode surface is exposed to the solution, 
vhile the latter potential corresponds to the surface 
being ipletely covered with the above-mentioned 
aver. As will be seen below, €, differs from € because 
of concentration polarization. The potential ¢ is 


characteristig of the anode before much layer has 
had time to form. The anode potential e; is practically 
constant until the sudden transition to ¢€,, or in 
other words is almost uninfluenced by the layer 
formation until the layer is about complete. 

It is necessary, then, to postulate one type of 
reaction for the bare surface and another for the 
covered surface. According to Gatty and Spooner 
(11), “At the moment of immersion of a Cu electrode 
in aqueous aerated solution, the electrode is covered 
vith a film of CusO. In concentrated acid chloride 
solutions, (this) film is readily broken up, (and) the 
electrode potential will be close to that of the 
anodic field of bare metal. The electrode tends to 
establish the Cu | CuCl | Cl 
CuCl being the least soluble of the copper chlorides. 


electrode potential, 


Complex ion formation takes place between the 
anodically formed CuCl] and the halide in solution.” 
The picture which the authors have developed, and 
which is consistent with all the known facts, is as 
follows: (A) the initial reaction is between chloride 
ions in solution and copper metal, resulting in the 
formation of CuCl layer on the anode; the potential 
¢ is then associated with the reaction 

Cu + Cr — CuCl + ¢ (V) 
(B) when the surface is covered, this reaction is 
supplanted by another, to which the potential e,, 
corresponds. According to Wagner (12) ‘“‘depletion 
of chloride ions will yield a rather well-defined 
electrode potential copper 
electrode in a solution saturated with CuCl in the 
absence of excess electrolyte, especially HCl.’’ This 
reaction may be 


corresponding to a 


Cu — Cu" + « (VI) 


Cuprous ions can diffuse through the CuCl layer 
until they meet with chloride ions, and then one 
may have the reaction 

Cu* + ‘Cr — CuCl (VIT) 
\lso, CuCl is known to react with excess Cl- to 
lorm the soluble, colorless complexes CuCly and 
CuCl; (13-16). It 
reaction is 


is assumed that the removal 


CuCl + Cl — CuCh (VIII) 


Layer thickness —If the anode reaction is as 
deduced above, then a knowledge of Q affords a 
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convenient means for estimating the thickness of 
the anode layer at the time the current drops. 
Assuming that Faraday’s laws apply, Q/zF is the 
number of moles of CuCl formed up to that time. 
Assuming further that a negligible amount of CuCl 
is dissolved before the current drops, the thickness 
of the layer is given by 6 = QM/zFd, where M is 
the gram-molecular weight of CuCl, zF = 96,500 
coulombs/mole, A is the anode area, and d is the 
density of CuCl. Taking, for example, the value 
Q = 10.5 millicoulombs (for 7 = 5.6 ma) it is found 
that 6 = 1.5 X 10“ em. (Clearly, the CuCl layer 
cannot be expected to appear in the photos of Fig. 
9, for its thickness is far beyond the limit of resolution 
of the schlieren microscope. ) 

It is alsu possible to estimate the thickness of the 
layer in the steady state by breaking the circuit and 
observing how long it takes for the layer to be 
removed completely. The rate of removal after 
interruption is assumed to be the same as the rate 
of formation in the steady state, namely 7,/zF 
moles/sec. The thickness of the steady-state layer 
will therefore be given by 6 = 71,Mt/zF Ad, t is the 
time required for removal. With the aid of a micro- 
scope equipped with circularly polarizing film to 
improve image contrast, visual observation of the 
anode revealed that the time required for complete 
removal of the layer depends upon the value of V 
at the time of interruption, typical values of ¢ and 
5 calculated from them being as follows: 


vo t (sec 5 (ps 

+().20 9.6(+0.8) 2.3(+0.2) 
+0.80 14.9(+1.0) 3.3(+0.2) 
+1.40 18.0(+1.6) 3.5(+0.3) 


These values for 6 indicate that the steady-state 
layer thickness is probably of the same order of 
magnitude as that found when the current drops 
from 2; tO @min. 

Layer growth—Moving pictures of the anode 
surface taken at 64 frames/sec show that the layer 
begins to form at many randomly distributed points 
as soon as electrolysis begins, and that the growth 
from these nuclei takes place in a sideways manner. 
The current drops immediately after the pores of 
the nearly completed layer have been so reduced in 
size that they are no longer resolvable on the film 
(i.e., diameters reduced to roughly 5 uw or less). 
Fig. 10 shows a series of photomicrographs of the 
anode face taken during the initial transient when 
E = +0.70 v and R = 140 ohms. Fig. 10(a) shows 
the electropolished anode immediately before 
electrolysis begins. Because of the oblique illumina- 
tion employed, a truly specular surface would be 
completely dark. The bright which are 
observed are due to tiny pits left by electropolishing 


spots 
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Before 
electrolysis; (b) midway on the first plateau; (¢) at current 
minimum; and (d) steady state. E = +0.70v; R = 140 ohms 


Fic. 10. Photomicrographs of the anode. (a 


(17) and to a slight amount of etching which takes 
place while the microscope is being focused upon the 
immersed electrode.’ Fig. 10(b), taken approxi- 
mately midway on the first plateau, shows that the 
free surface (dark areas) is greatly reduced by the 
sideways growth of the layer although no appreciable 
change in the cell current has occurred up to this 
time. Approximately 5 sec after the current drops, it 
reaches a minimum. At this point, the completed 
layer appears as in Fig. 10(c). The current then 
rises until the steady state is reached (after about 
5 min of electrolysis) and then the layer appears as 
shown in Fig. 10(d). 


BREAK TRANSIENTS 


Dependence of potential decay on _ steady-state 


voltage.—Events subsequent to current interruption 


yield information on the layer removal process 


* It was found that the undesired etching could be in- 
hibited by making the electrode cathodic while the neces 
sary optical adjustments were being made (cathodic cur- 
rent density approximately 1 ma/cm*). However, this 
method was not employed. 
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Fic. 11. Potential decay following interruption of 
steady-state current, shown for various steady-state eo 
ditions. 


alone, thus enabling one to separate this from tha 
of layer formation. The curves in Fig. 11 show ho 
the potential V varies after the break has bee 
made, for different initial steady-state voltages |, 
For values of V, greater than approximately () 

e drops quickly to —0.05 v,’ remains approximate); 
constant for a brief time depending on V,,, and the: 
drops suddenly to ¢, = —0.27 v. The potential ys 
time curve has the same shape for passive iro 
(Fig. 12) in H.SO, as it does for copper in Hi 
which may indicate that similar mechanisms ar 
operative in the two cases. The make curve for th 
transition from active iron to passive iron has bee 
interpreted in terms of the formation of a layer, 
and now it is seen that the break curve for the 
passive-active transition resembles the break curve 
in copper, where it is known that there is a layer 
present. The evidence for a layer on passive iron 1s 
thus made stronger than ever, and it now remains 
to identify positively the reactions by which it is 
formed and removed. 

In copper, for V, < —0.05 v, the potential decay 
is somewhat like an exponential from V, to « 
From ¢; on, the potential falls slowly to «& 
—0.44 v, this process lasting many minutes (se 
Fig. 13). Although this method of recording does not 
indicate that anything special occurs at ¢ = —0.35\ 
still one observes that stirring right after interruptio! 


does reduce the potential immediately to this value 


7 It has already been supposed that this is really com 


posed of two drops, with «, = 0.11 v as the intermediate 


value. The value —0.05 v is presumably the true electrod 
potential (i.e., without overvoltage) of the completed layer 


The value « = —0.27 v agrees with the potential of Cu 


2N HCl saturated with CuCl (R. 8S. Cooper, private com 
munication). 
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Fic. 12. Break transient for passive iron 


of —0.35 v. This suggests that the difference between 
«, and €; is due to concentration polarization. 

The duration of the break plateau (« = —0.05 v) 
depends linearly upon V,. (The duration is defined 
arbitrarily as the time from the interruption until 
the midpoint « = —0.16 v is reached, and will be 
denoted by t,2.) Fig. 14 is a plot of the duration ¢;,2 
against V_. It isa straight line which has an intercept 
of +0.11 v on the V-axis. This is regarded as evidence 
that e = +0.11 v is the potential of the completed 
ayer, as is also found from the characteristic 
curves. Below +0.11 v, the layer is not complete, 
so that there is no preparatory time necessary to 
make part of the surface bare. 

Temporal behavior of « and r.—Fig. 13 shows the 
temporal behavior of € and r following interruption 
of an arbitrarily chosen steady-state condition, 
Vy +0.75 v and 7, = 1.6 ma. To obtain these 
data, the steady-state current was interrupted for a 
predetermined length of time, at the end of which 
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Fig. 14. ty vs. V, 


the circuit was closed again. The electrode potential, 
€, was taken to be the value of V immediately before 
the circuit was closed, since equation (II) becomes 
V = ewhen the current is interrupted. The resistance 
r is determined by measuring V,, « + ir just 
before the circuit is broken, or just after it is made, 
and also measuring Vor, = € Just after the circuit is 
broken, or just before it is made. Eliminating « and 
solving for r it is seen that in either case 


r= iV an V ott) l (VIII) 


With the apparatus at hand it was not possible to 
obtain off-times shorter than 0.005 sec. The dashed 
line at r = 400 ohms represents the value of r at 
the instant of interruption (calculated on the basis 
that « = €;, = +0.11 v). 

The data show that the abrupt drop in ¢ does not 
begin until the decay of ris more than 96% complete. 
When the steady- 
state current is interrupted, fairly rapid changes in 


Schlieren study after break. 


the anolyte seem to occur, but whether or not they 
correspond to the sudden drop in € cannot as yet be 
stated with certainty. The schlieren photographs in 
Fig. 15 show that 10 sec after interruption the C] 

gradient is nearly erased, while the stream of anode 
product continues almost unabated as the layer 
continues to dissolve. After 20 sec the Cl” gradient 
can no longer be detected and the CuCl: gradient 
has begun to iron out, all of the layer having been 
removed at this time. After 40 sec the CuCl, is no 
longer streaming from the anode, and by the time 
60 sec have elapsed the anolyte has almost regained 
the composition of the main body of solution. From 
Fig. 13 it can be seen that the time required for 
erasure of the concentration gradients is about the 
same as the time required for decay from « = 
—0.27 v to «& = —0.35 v. This is consistent with 
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Fig. 15. Schlieren study of the anolyte following inter 
ruption of the steady state. V, = +0.25 v, i, = 1.8 ma. 


the previous hypothesis that the difference in these 
two potentials is to be attributed to concentration 
polarization. 


DISCUSSION 


The present work has demonstrated the nature 
of the processes associated with that portion of the 
make transient up to the current minimum. The 
early layer growth starts from randomly distributed 
nuclei on the anode surface and proceeds radially so 
that little knobs are formed. When these have 
grown sufficiently, they touch each other. The anode 
will then have a thin continuous layer upon it, and 
this needs (18) to be only a few molecules thick 
(i.e., of the order of 10-7 cm) in order to establish 
the potential characteristic of a copper electrode 
covered with CuCl. It was found (Fig. 8) that « 
may increase suddenly without a corresponding 
change in r, indicating that the portion of the layer 
responsible for the increase must have negligible 
resistance and, consequently, be very thin. The 
subsequent increase in r indicates the completion of 
a relatively thick layer, because it exhibits a large 
resistance. It should: be emphasized that no sharp 
distinction or boundary is imagined to exist between 
the thin e-layer and the thick r-layer. Beth are 
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imagined to grow simultaneously during jhe coy, 
of a transient and to be completed at very 
the same time, completion of the r-lay: usually 
lagging, but never preceding that of the ¢-|.yer. 

A kinetic explanation will be achieved whey o), 
can predict 


Nearly 


quantitatively how the electro, 
potential « and the resistance r will vary with tin, 
At the end of the first plateau, « changes rapidly 
and this may indicate the rate at which the surface 
becomes covered (3). From the beginning of jh, 
second plateau, however, € is nearly constant. w 
that the current changes are due to changes jy thy 
resistance r. The detailed mechanism of how thew 
changes occur is still obscure, but it may be possi), 
to learn more about it by suitable make and brea 
experiments. In particular, data are needed {, 
the variation of r with time when the steady stat, 
is interrupted for times less than 0.01 see. 


SUMMARY 


When the circuit is closed in the Cu 2\ 
HCl(aq) H.(Pt) system, the current exhibits 
very brief initial spike. The anode-calomel potentis 
may be represented at all times >10~° see }y 
V = e+ 77, where e¢, the electrode potential, has 
noticeable dependence on 7 at high currents, and 
the resistance within the cell between anode and 
calomel, is ohmic in nature. The open circuit voltag 
is —0.44 v, and has four characteristic values 
thereafter. Immediately after the spike, « é 
—0.35 v. The current drops from i to an approx 
mately constant value 7, (first plateau), and « 
becomes ¢, = —0.27 v. (This change is attributed 
to concentration polarization.) The charge Q whic! 
must flow before the current completes its drop t 
a new constant value 7;; (second plateau) is co 
nected with % by the empirical relation 
24(% — 0.70)-°**. The value of €;; as determined } 
extrapolation of the (Vy;, 7) plot is e,, = +0.1) 
the value found from interruption experiments } 
éx4; = —0.05 v. This could be accounted for by a 
overvoltage term with a decay time of 10 © sec 


less. The value of r is constant up to the second 


plateau, and corresponds to the resistance of th 
solution. The second plateau has a duration whic! 


is shorter, the smoother the surface. It is followed 


by a rapid drop in ¢ and the associated rapid increas 
in resistance. A slower change then oceurs, and thi 
current may go through a minimum value | 
before reaching the steady state 7. 

From the moment electrolysis begins, an ano 
layer grows sideways, starting at many random|) 
spaced points. It is probably composed of CuC 
formed by the reaction Cu + Cl — CuCl + 
and removed by the reaction CuCl] + Cl — CuC! 


When the anode has become completely covered, 
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the laye: is of the order of 10~-* cm in thickness. At 
this point an abrupt drop in 7 occurs (due to the 
adden « change). This is followed by a rise in 
resistance, which occurs when the pores are closed, 
and onl) slightly more CuCl is deposited than that 


necessary to cause the « change. During the period 
vhen the high current was flowing a steep Cl 

gradient was established. The quick drop in 7 does 
not aflect the over-all diffusion layer, and so the 
¢}- continues to diffuse slowly toward the anode, 
building up the concentration. This will reduce the 
resistance of the layer, for it is more soluble in 
higher concentrations of Cl-. In the steady state 
the layer formation reaction proceeds at the same 
rate as the layer removal reaction, the net reaction 
— CuCl, + e 

When the steady-state current is interrupted (V, 


heing Cu + 2Cl 


assumed to be greater than e;;), V drops instantly 
from V, to ey; (an ir drop) then decays very rapidly 
to ¢ -(0.05 v (an overvoltage decay) where it 
remains relatively constant. At the interruption r 
begins to decrease rapidly, presumably due to Cl 
attack on the outer part of the anode layer. When 
the decay of r is approximately 96% complete, the 
inner part of the layer apparently ruptures and ¢ 
drops abruptly from —0.05 v to —0.27 v (e;). After 
several seconds, depending on the value of V,, before 
nterruption, the layer, whose thickness was of the 
order of 10~* em before interruption, is completely 
dissolved. As the concentration gradients in the 
anolyte gradually disappear, « drops from e; to 6. 
Thereafter « continues to drop slowly until it 


eventually reaches €Q0. 
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